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INTRODUCTION

Over the past two years the Office of Naval Research has been
preparing for an initiative focused on processes indigenous to the
air-cea interface of the ocean, specifically the role of surfactant
molecules. A series of workshops have been held emphasizing topics
necessary for defining scientific issues and technical approach.

The chemistry and biology of the sea interface was addressed at an
initial workshop held October, 1984 (1). While processes were
investigated as they affected remote sensing techniques, the workshop
did not highlight the physical processes which relate surfactants to
imaged features. These dynamical processes, especially wave dampening,
required an additional workshop to be given the prominence they deserve
in any program of ocean interfacial effects.

With the advent of high resolution methods for remote sensing
of the oceans, the extent to which biogenic surfactant films modify
signatures in the IR, visible, and microwave regions of the
electromagnetic spectrum has become increasingly appreciated.
Infrared imagery, synthetic aperture radar imagery, and most recently,
visible photography of ocean sun glitter have shown dramatically the
wide extent of surfactant film effects covering numerous areas of the
World Ocean. These examples of molecular phenomena (since biogenic
surfactant films are monomolecular in contrast to thicker petroleum
films) appearing prominently from space have exposed our limited
understanding of this area of environmental science. Further, as we
begin to develop the science it is immediately apparent that the
instruments required for quantifying the fundamental parameters
controlling short wavelength windwaves, e.g. surface tension,
surface elastic modulus, surface surfactant concentration, are
inadequate. The development of new ones will need a considerable
infusion of techniques from other disciplines.

Even a quick look at the literature of surfactant effects shows
the strong participation of European scientists. Many U.S. groups have
superbly developed chemical and biological processes and have advanced
our understanding of the flux of constituents across the air-sea
interface. In contrast, a select group of collaborating European
scientists have concentrated on the theory and practice of surfactant
effects on wave dynamics and the subsequent influences on radar
backscatter.

The ideal location to juxtapose European expertise with American
irterect is the Dffice of Naval Research, Branch Office in London,
England. This workshop has been jointly sponsored by ONR/London and
*he Oceanic Chemistry Program at ONR, Washington, 0.C. Three days
were devoted to scientific deliberation beginning with a day and a
halt of lectures and discussion by participants followed by a review
of the technical issues during the second afternoon. On the final day,
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the participants broke into three smaller groups to consider
chemical oceanographic processes, surfactant effects on dynamics,
and remote sensing relationships. Each group submitted a report
including consensus suggestions for future research directions.
These reports follow this introduction.

As the following papers abundantly illustrate, the study
of surfactant films on the ocean's surface requires a strongly
interdiscipiinary group. The processes are optical, biological,
chemical, and physical oceanographic. Fluid mechanics, acoustics,
as well as, electrical and chemical engineering offer promising
new insights and techniques. Furthermore, the scales over which
the phenomena operate are quite large. The papers are arranged
to draw the reader into this diverse assemblage. William Garrett,
John Scott and Ola Johannessen review the problem of surfactant
modification of remotely sensed parameters. Jin Wu follows
with a view of the placement of surface films within a fluid
mechanical framework of the ocean surface boundary layer.
Peter Williams and Peter Liss provide the current status of the
chemical characterization of natural oceanic surfactants.

At this point, the discussion moves toward classical chemical
and chemical engineering viewpoints of surfactant effects on
hydrodynamics. First, Heinrich Huehnerfuss and Werner Alpers
describe how the structure of surfactant molecules affects wave
dampening. Then, Pietro Lombardini shows how experimental
surface films affect the dampening ratio, and suggests
relationships to radar backscatter. The theoretical framework
for surfactant effects on capillary-gravity waves is next
developed by Emmie Lucassen-Reynders and Yitzak Rabin. Finally,
John Vesecky and Jay Mann explore innovative approaches to the
development of instrumentation.

The mechanical and physicochemical characteristics of natural
surfactants within the dynamical context of the ocean's surface
is virtually unknown. This volume presents the problem, shows
the best, relevant science being done today, and hints at the
novel work forthcoming.

Frank L. Herr
Jerome Williams
November, 1986

(1) Hartwig, E.0., and F.L. Herr, Chemistry and Biology of the
Sea-Surface Interface: Relationship to Remote Sensing, ONR Workshop,
Sanibel, FL, October 1984,
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PHYSICOCHEMICAL EFFECTS OF ORGANIC FIIMS AT THE SEA
SURFACE AND THEIR ROLE IN THE INTERPRETATION OF
REMOTELY SENSED IMAGERY

William D. Garrett
Naval Research Laboratory

Washington, DC 20375

SCOPE

This paper reviews the physical effects of biogenic and
pollutant organic films on air-sea interfacial properties and
exchange processes, as well as the mechanisms by which these
jarameters are altered, The implications of these film-induced
modifications of sea-surface reflectivity, emissivity and
absorbance on remotely sensed visible, thermal, and micorwave
imagery will be assessed. (Consideration will be given to the
ceceanic processes responsible for the formation of films and those
whict act to disperse the organic slicks. Present knowledge of the
frequency and distribution of natural sea-surface films on a
spatial and temporal basis will be presented. The chemical
zonstituticn of these films and the specific biological sources of
*re surtace-active, organic, film-forming substances will be
iscussed clsewhere. While some references are found in the text,
cst literuture citations are in Table 1, a state-of-knowledge
reslew on Lhe etfects of various types of organic films on physical
ireperties and processes at the air-sea interface,

FACKGRGUND

ruolor, organie moglecules adsorb at important aquatic phase
Lourdaries in the marine environment; at air-bubble and particle
cur faces and at the atmosphere-ocean interface. When the surface
sorteentration of the organiec, surface-active material attains a
critical level where the molecules of the surface film come into
contact (about 1 mg per meter), the film becomes relatively
incompressible, a thin liyer of water at the air-sea interface is
immobilized, and the sea surface can no longer be considered to be
"free". During torizontal surtace compression the organic film
.haryes {rom a gas-like phase to a more ~ondensed state at low film

crescures of 1 Lo Y omh per meter, and it is at this point that the
{iim modifias a number of small-scale hydrodynamic and capillary-
sencitive jrocesses gt the air-sea interface. 1In general, the

snalliescale dynamics of the air-sea interface are influenced by the
fil~ compressibility and by film flow across a surface tension
2ratient (laranpgoni effect). Surface tension 1s inherent in both
Stotrese rreslogical parameters, and is itself an indicator of the
existence < a4 coterent organic film capable of moditying
interfacial processes.

FURNATION AND DIBPERSICN OF CRGANIT LEA SURFACE FILMS

Sensibie sea surfoce films {slicks) occur when the surface

oneentration of tilm=!{nraing molecules i5 inoreasct Lo Lhe
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previously mentioned critical level by (1) vertical transport into
the sea surface from below by forced or convective upwelling,
rising air bublles, or buoyant detritus, (2) compression of
existent surface-active molecules in the sea surface by horizontal
convergent processes due to internal waves, Langmuir cells, etc.,
or (3) direct input of man-made surface-active material to the sea
surface from municipal dumping, petroleum production activities,
ship effluents, and the like. It should be noted that film-forming
molecules of biogenic origin exist at all times in the sea surface.
While the surface concentration of such molecules varies temporally
and spatially, there is a potential for the formation of natural
organic films throughout the global sea surface.

Film pressures (surface tension reduction) have been measured
by a2 number of investigators for a wide variety of natural slicks.
The film pressures are usually less than the collapse pressures of
the organic films, indicating that they are monomolecular.
Consequently, there a number of chemical, physical, and biological
processes which act to disperse the adsorbed film-forming molecules
and destroy these relatively fragile films. Figure 1 depicts the
previously discussed transport modes by which polar, organic
material reaches the sea surface, as well as the numerous processes
acting on an existing film to remove its constituent molecules from
the air-sea interface.

The most influential factors limiting the existence of
sea-surface films are the dynamic air-sea interfacial processes,
such as breaking waves, bursting bubbles, sea spray, and wave
processes which disperse the films by entraimment into the
underlying water. In addition, constituents of a surface film are
selectively removed by dissolution, evaporation, biological
degradation, and photocatalytic oxidation. Once horizontal
convergence in the sea surface relaxes, the film has an intrinsic
spreading pressure which transports its constituents into the
surrounding nonslicked sea surface in order to maximize entropy.
Once the surface concentration of the film=-forming molecules falls
below the critical value, processes such as capillary waves are no
longer modulated, and the monomolecular film is no longer evident
as a visible slick.

INFLUENCE OF ORGANIC SURFACE FILMS ON THE INTERPRETATION OF
REMOTELY SENSED SIGNALS

Knowledge of the chemical nature and physiczl properties of
the sea surface is essential to provide "sea truth" (the oceanic
equivalent of "ground truth") for the proper interpretation of data
from remote sensing systems. since it has been shown that organic
surface films modify the properties of the air~sea interface and
its associated boundary layers, such films may also influcence both
passive and active remotely sensed signals. The magnitude of the
physical effects of the surface film is a function of its chemical
nature, its thickness, and the surface concentration of
interfacially active molecules at the air-sea interface, Many of
the surface effects produced by films can be produced by a layer of

o
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‘ﬂk; adsorbed organic material only one molecule in thickness
(approximately 3 nanometers). Films of this kind, e.g. natural sea
R slicks, require as little as one milligram of organic material per
‘dk square meter of ocean surface for their formation. Organic films
it attenuate and resist the formation of capillary waves, modify
*\f breaking waves and the resulting distribution of entrained bubbled,
3@ influence bubble bursting phenomena and surface bubble lifetimes,
and produce temperature anomalies by various mechanisms,
TR
‘%*: These effects are reviewed in Table 1 (Impact of Natural and
: 28 Man-Made Surface Films on the Properties of the Air-Sea Interface)
5 for natural sea slicks, petroleum films, and experimental
f :g monomolecular films added to the sea surface for research purposes.
=N In addition, literature dealing with film effects on sea surface
reflectivity, absorbance, and emissivity in the visible, thermal,
.‘:. and microwave 1s included. The table estimates the level of
: *ﬂz knowledge, field and/or laboratory, for a particular effect caused
,,:- by these three organic-film types. In the limited space availatle
. é in this report it is not possible to discuss the specific data and
QR the mechanisms postulated for the various film-induced process
rmodifications. However, Table 1 provides this author's assessment
v of the level of understanding concerning these organic-film
ftt{ effects.
‘ot
i::: This assessment is carried on to Table ¢ (Effects of hatural
. Organic Seasurface Films on the Properties of the Air-Sea
Intertace), in whicl a particular film-modified process is related
i“ﬁ to its effect on remotely sensed signals for various active and/or
0 passive spectral regions.
-
,,}: Since natural slicks attenuate and resist the formation of
;-’ capillary waves, affected sea surface areas have different
. reflectance characteristics from those of surrounding nonslicked
g waters. wten passive reflectance is sensed, the relative intensity
, of the =sigrnal 1s Jependent upon the look angle, the relative
:=$ position ot thte sensor with respect to the sun, meteorological
J:J conditione and other tactors. with active sensors such as
'ﬁj microwave radar, the power of the backscattered radiation is
o sharply reduced Ly the rippie-damped sea surface under the
2 intluence o the organic film.
}i- In peneral, natural slicks appear slightly cooler than

ad;acent water surfaces wher sensed by thermal infrared. Although
. the emissivity of 3 water surtface is not altered by the presence of
° 8- a monomolecular layer of organic material, the cool-surface effect
is produced by an immobilizing of the near surface water by the
"rigid" surface {ilm, which inhilbits convectional overturn of the

) surface water cocled by evaporation. Natural slicks are not

Wt oxpected to retard evaporation to a significant extent,

’

2
'.'.l
'
o

2T

Consequently, warm slgnatures of sea slick have not been observed,
but the organic {ilms appear cooler than the surrounding nonslicked

water ourtface when moeusured by thermal radiometry,
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TABLE 1. IMPACT OF NATURAL AND MAN-MADE SURFACE FILMS ON THE PRUPERTIL: GF
THE ATR-SEA INTERFACE S

SURFACE EFFECT OR TYPE UF ORGANIC SURFACE FILM*#*
PROCESS MODIFICATION

NATURAL PETROLE UM EAPERIFMENT AL *
Capillary Wave Attenuation ++(10,13,14,38) ++(17) ++(2,27,28)
Gravity Waves ~-(10) ? ++ (2,07, 080
Breaking Wave Inhibition ? ? ++(2)
Gas Transport Reduction -7 +(11, 77,23, +{n, 17,22,51)

2k, 33,37)

Foam Stability +{(17) +(17) +(15)
tir Dubble tursting +(5,16) +(17) + {16, 50)
Surface Temperature ++(9) ++(12,34) ++(21,30,31)
“M Reflection ++(U,7,32,39=-41)  ++(3,8,34,U41)  ++(2,1r,56,24)
~ight Transmission ? ++(20) 7
FM Pmission 2 ++(19,25) ++(1)

- Gignificant influence of surface film unlikely
+ Jemonstrated in laboratory; field studies if any were inconclusive
++ Hffect demonstrated Ly laboratory and field research

Potential intiuence, but not proved by experiment

* [ continuous, monomolecular film added to sea surface for research
purposes

**  Humbers in brackets correspond to entries in the bibliography.
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y TABLE 2. EFFECTS OF NATURAL ORGANIC SEASURFACE FILMS ON REMOTELY SENSED
SIGNALS

SEASURFACE EFFECT SENSOR APPROACH - SPECTRAL REGION INFLUENCE ON SIGNAL

Capillary wave Active reflectance - microwave Reduced backscatter
damping radar power

Passive reflectance - UV, visible, Modified light

3 near IR reflectance
3
I Inhibition of Passive emission - thermal IR Slicks appear
convective over- cooler
turn at surface
Inhibition of wave Passive emission - microwave Affects microwave
breaking-Modified brightness
sea foam stability temperature
i Reduced sea surface Passive emissior - microwave Reduced brightness
\ roughness temperature

Passive microwave sensors can detect sea foam and white water
through a resulting increase of seasurface emissivity. Air bubbles
and foam at the air-water interrface are responsible for the
passive microwave signals, while entrained air bubbles beneath the
surface do not participate in the effect., Surface-active material
modifies sea foam through several mechanisms., Organic films may
resist wave breaking and also act to destabilize foams and bubbles
once they reach the water surface. Water-soluble, surface-active

S materials, on the other hand, are foam stabilizers. The net effect
" of these opposing processes has not been determined experimentally
) at sea.

When petroleum spills or municipal effluents are present,

thicker films are implicated in the production and modification of
¢ remotely sensible signals. 1In general the influences of petroleum
films are similar to those of natural slicks, except for thermal IR
sengsors, Lo which a petroleum surface film may appear either cooler
or warmer than adjacent clean water., The sensed IR signal may be
due the modification of a number of possible physical effects,
including emissivity, reflectivity, heat exchange, and inhibition
of convectional overturn at the sea surface.

Petroleum spills may be sensed across a broad spectral range
by numerous sensor sSystems. Because oil spills vary greatly in
thickness and in their physical and chemical characteristics, the
portion of the spill sensed varies according to the sensing system
R used for observation. For example, microwave radar senses the
", entire area affected by the 0il in which the capillary wave
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,i structure is diminished, whereas dual-frequency, passive microwave
by radiometry senses only the thicker layers of the spill and can be
S used to determine spill volume and locate significant quantities of
0il to guide spill-removal operations., Table 3 reviews the types
\ of false signals encountered «hen various sensors are used to
L3 detect petroleum slicks on the sea. both natural surface films and
2& other pollutants may be incorrectly identified as petroleum by many
&¢ remote sensing systems. The use of multi-spectral sensing is
b sometimes required to avoid ambiguities.
N TABLE 3, CIL SPILL DETECTION BY REMOTE SENSING*
3 ]
o
.Ei SENSOR APPROACH SPECTRAL REGION FALSE ALARMS
’ Active reflectance Microwave radar, 1-5cm Natural organic slicks
Ky Wind slicks, ship wakes
I Pollutant organic slicks
: (detergents, sewage
a s sludge)
e Kelp/debris
Dense cloud cells
N Unrippled water under
ja calm conditions
*1
I
N Passive reflectance UV, <0,4um Natural organic slicks
* Suspended solids
=j: Visible, 0,4~0.65um Natural organic slicks
" Pollutant organic slicks
> Suspended solids
& Shallow water
e Broken cloud deck
gﬁ Near IR, >0.65.m Natural organic slicks
hnY Other pollutant slicks
g Passive emission Thermal IR, 3-14im Natural organic slicks
Y, Pollutant organic slicks
Ship wakes
AN Thermal discharges and
o effluents
s Upwelling
'g Microwave, 0.2-1cm Foam patches
Kelp/debris
N Dense cloud cells
i
)
w
" : *  Adapted from Maurer and Ekdgerton, 1675
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In most instances sea truth must be determined if remotely
" sensed data are to be correctly interpreted. For example, negative
seasurface return of side-looking microwave radar signals may be

¥

;g due to the following sea truth situations in which capillary waves

}ﬁ are either diminished or absent: (1) zones of calm where no organic

:%, film is necessarily involved; (2) hydrodynamic damping in a ship's

;} wake; (3) wind slicks; (4) natural sea slicks caused by organic :
films which attenuate and resist the formation of capillary waves;

. and (5) thicker layers of wave-damping petroleum oils or other

%, organic film-forming pollutants. -

é FREQUENCY AND DISTRIBUTION OF BIOGENIC SEA SURFACE FILMS

K

- To understand the importance and significance of biogenic
films to both basic and applied scientific problems, it is

iﬁ essential to know the extent of the sea surface under their

g“ influence; i,e, their frequency and distribution, both spatially

;‘ and temporally. The lifetime and fate of natural and petroleum

;ﬁ slicks in the marine environment have been related to a number of

D dispersive processes (Garrett, 1972; NAS, 1985). because of the

great influence of wind and waves, the probability of encountering
Vg slicks or persistent oil films in the open ocean may be related to
{: average wind conditions such as those depicted in Figure 2
g (January) and Figure 3 (July). These figures are based on data
; from the U.S. Navy Marine Climatic Atlas of the World. The numbers

3
9% on the figures rg?resent the percentage of time that winds are 7
knots (3.6 m sec ) or less, a condition under which natural
i‘. surface films are stable enough to be visible through their
& capillary wave damping effects and their resistance to
g wind-generated ripples and surface turbulence. The shaded areas
e, are zones of the world ocean where winds are 10 knots (5.1 m sec )
' or less 50% of the time. The shaded area represents a rough
measure of the potential for slick development and persistence when
kS the surface concentration of film~-forming material is sufficiently
K high.
*l..
: For example, in January (Figure 2) meteorological conditions
q.: in the North Atlantic and Pacific Oceans would normally preclude
o the persistence of coherent organic films while a broad band from
the equator to approximately 40 degrees south latitude is
g relatively calm and has the potential for slick formation and
y endurance., In the Northern Hemisphere in summer (Figure 3),

seas, the Mediterranean, and in certain zones along the Tropic of R

4
4'4 relatively low-wind conditions exist in regions of the northern
. ‘
k. Capricorn,

It is emphasized that these figures represent wind velocity

i. regimes and are not actual sea-slick data. While charts of this

h kind do not guarantee the existence of Sensible surface films, they

{ﬂ are a device to predict the probability of their occurrence.

hJ Furthermore, these wind-probability diagrams can be useful in
predicting the longevity of petroleum spills and the lifetimes of

, surtface pollutants from rivers and municipal dump sites, as Lhe
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sate processes which disperse natural slicks cperate to transport
pollutants from the water surface into the atmosphere and into the
underlying water column,

Primary Productivity

The existence of natural slicks is also related to the
hiological productivity of a particular area, sSince they are formed
from surface-active, organic substances of biogenic origin.

Natural slicks may form anywhere in the unfrozen ocean if winds are
sufficiently calm.

The primary biological producers in the sea are alg.. and some
bacteria, organisms which are capable of synthesizing high-energy
crganic materials from inorganic compounds. The energy required
for this biological synthesis is primarily photic, no energy being
derived from organic compounds by the primary producers. Thus,
although primary production is not an exact measure of the organic
content ot seawater, high productivity corresponds to fertile
crcanic areas where the levels of organic substances available for
natural slick formation azre also high. Other biological producers,
secondary (herbivorous) and tertiary (carnivorous), are involved in
organic chenical production. Of these, secondary production by
Ferbivorous zooplankton is the wmore important, but is usually small
in comparison with primary production, because of these factors,
the distribution of primary production in the world ocean, Figure
L, will be used as a2 mecasure of the potential for slick formation
for a particular marine region. Figure 4 in conjunction with
figures 2 and 3§ (average wind conditions) can be used to estimate
the likeliho-: of natural organic films at a particular location.

It should be noted that Figure 4 represents primary production
in mg C/m /day averaged on a yearly basis and does not indicate
seasonal variations. Frimary production by photosynthesis is
influenced by (1) the quantity of light energy available to the
srganisms, and [2) the availability of inorganic nutrients,
Seasonal effocts are most pronounced at higher latitudes,
especially in polar regions, due to large differences in photic
levels between winter and summer. In polar regions ice cover
attenuates ligtt penetration and may further reduce production even
during the short vegetative period.

In other regions of the oceans primary production is
determined largely by nutrient levels, and it may or may not be
seasnonally variable. In general, the nutrition factor favors
productivity on continental shelves, slopes, and in upwelling
regions due to enhanced vertical transport and mixing and to
nutrient inputs from continental sources., Highly productive

upWwelling areas in the Pacitic Ocean include the near ccastal
waters of Central and Louth America, Japan, Canada, and the
Vamobatya beninsis o, I the Atlantic Ocean productive upwelling
regions exist ofl west Africa, northeast Brazil and the southeast
coast. of South America. Cther areas of high productivity include
Lhe bering Oea, poartions of the Indian Ocean atfected by monsoon
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. Figure 4: Distribution of primary production in the world ocean.

5 From Parsons et al. (1977); reproduced with the permission
", of the author.
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winds, and the coastal areas of seas, gulfs, and bays. In
open-ocean waters away from continental sources of nutrients,
upwelling is essential for the stimulation of primary productivity.
Examples of such regional processes leading to upwelling include
the tquatorial and Antarctic divergences, polar fronts, and zones
of winter convectional mixing.

In general, the potential for slick formation based on
biological productivity is greatest in coastal areas and outside
the region bounded by the north and south 40-degree parallels., For
certain ocean areas productivity and air-sea dynamics sometimes
operate in opposition to one another for the prediction of slick
probability. For such cases, the dispersive effects of wind and
wWwaves will predominate in the determination of slick-forming
potential.

In most instances, the true condition of the sea surface must
be known if remotely sensed data are to be correctly interpreted.
For example, the backscatter of microwave radar signals may be
affected by any of the following events at the sea surface which
diminish capillary waves: (a) zones of calm where no surface film
is necessarily involved; (b) hydrodynamic damping in the wake of a
ship; (c) wind slicks; (d) natural sea slicks caused by organic
films which attenuate capillary waves and resist their formation;
and (e) thicker layers of wave~damping petroleum oils or other
organic film-forming pollutants., Other active and passive sensors
used for the detection of o0il on water also are subject to a number
of possible false signal sources (Table 3). Conversely, sensor
response to organic fiims on the sea, both natural and man-made,
may be confused with other information being sought by remote
sensing systems. Thus, it is essential to identify the ocean
regions where organic films are prevalent so that possible
interference with the interpretation of signals received by remote
sensing systems can be taken into account.

RECENT SPACE-DERIVED IMAGERY OF SEA SURFACE FILMS

In recent years hand-held photographs taken from spacecraft
have depicted a numbter of interesting, and in some cases,
unexpected cea surface features, These include sub-mesoscale
spiral eddies with diameters of 2% kKilometers and less, ship
tracks, and petroleun oil films from ships, oil-well blowouts or
natural seeps. GSuch features are more evident in sun-glint
protography where they are highlighted by slick-like sea surface
etfects which produce light reflectance anomalies. Space Shuttle
mission 41-G was dedicated in part to a photographic survey of
oceanographic phenomena. The mission produced numercus photographs
of trese glint-illuminated phenomena indicating that they were not
“erely an corasinnal event, but were of broad extent over several
porsanas 2 v he world coean,

Tre cighly structored sea surface patterns enhance the
visinbiiity of the spiral eddies, ship tracks, and other
surtaos/subcur faee syvent s, Jonsequently, the physical and/or
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nﬁﬁ chemical mechanisms responsible for the sea surface reflectarnce
’ patterns are of great interest and importance. These surtace
X patterns appear not only in optical, but also in synthetic apzrture
,$: radar imagery from the Shuttle Orbiter (Kaltenbach et al., 1984).
'{\ Negative (reduced) backscatter of light or radar signals may be
- attributed to sea surface areas where the capillary or

é short-gravity wave fields have been attenuated by natural or
* pollutant organic films, while areas of higher backscatter
represent a free-surface or ambient sea condition. Although

s,

: N physical processes such as wind or current may produce local

%! modulations of the small-wave field, the appearance, distribution

+ and texture of the slick-like patterns are more suggestive of

'g organic films, scums or oily layers, all of waich are well known to

e attentuate and resist the formation of cepillary and short gravity
waves,

Determination of the organic surface film involvement in the
surface reflectance patterns will eventually require coordinated
sea truth experiments in conjunction with aircraft and space
sensing. The organic films may be (1) monomolecular layers of
biogenic surface-active material, (2) a2 highly compressed
multilayer of films, scums and foam, or (3) a thicker layer ot

20 anthropogenically mobilized petroleum oil. It is possible to

rf- distinguish between these various forms of organic films by surface
RS measuyrements and observations, with supporting intormation supplied
L from airborne thermal infrared and microwave radiometric and radar

sensing systems.
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Abstract

This paper considers a wide range of interpretation problems

concerning the mechanical properties of surface films in the :
oceanographic context: wave damping and wind-wave suppression; g
remote sensing effects, infra-red, microwave and visible; film
distribution mechanisms; the use of films as surface markers; and 3
the oceanographic relevance of film pattern observations. Some .
results are reported from recent observational trials, in which %
surface films were used as ocean markers. .

1. Introduction

For centuries it has been appreciated that a surface film, spread on "
a water surface, can damp out water waves [1]. The two earliest .
effects reported were the reduction of wave breaking [2], and the N
improvement of the light-transmitting properties of a wind-blown N
surface [3]. -3

The first effect is almost certainly due to the reduction of the
aerodynamic roughness of the waves by the surface film, which

stabilizes the wind-blown surface against the formation of the e
ripple and longer wave roughness. 0,

The case for this is argued in [4], although it is there pointed out .
that no definitive experiment at sea has yet been done to verify the -y
hypothesis. The principal direct evidence, as opposed to indirect =
inference from laboratory work, is the repeated testimony of .
mariners, who went on record in the eighteenth and nineteenth £
centuries to Credit their own lives to this effect, having been .
saved at sea [1,4). Regrettably, this evidence is open to the charge g
of bias, since mariners who found that oil did not prevent the 5
breaking of dangerous waves were rather less likely to make a -
subsequent dissenting contribution to the argument.

Although the case seems nevertheless quite sound, it should be :
realised that the modern explanation barely differs from that -
usually attributed to Aristotle [2], and is quite Close to that Ny
given by Benjamin Franklin, in 1774 [5].

The optical effect of a film, by which shallow water divers are )
supposed to improve the illumination of the sea bed by spreading oil N
[Ny

19 N
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on the surface above them [5], is almost certainly to do with the
steadying influence of the oil on the surface, the human eye being
distracted by the moving, flickering light patterns focussed by
surface ripples. Any significant effect on the average level of
illumination is probably negligible. o

P
wint R
.
v

Ancient though they are, these two examples are significantly
related to the physics of the two most important of the topics of -
interest today: effects of films on the air/sea interaction, and on
the visibility (or imageability) of sub-surface ocCeanic motions.

R
Ot

This paper will review briefly the physical mechanisms associated
with surface film effects, and will attempt to draw together several
recent ocCeanographic observations, including some recent work of
the author involving man-made surface films.

%
iy

I

. l(-x. a1

2. The Physical Properties of Surface Films

77

The first important thing about surface films is the obvious one,
that they reduce the surface tension of the water surface, becoming
adsorbed [6]. Until the surfaCe becomes saturated with added
surface film material, the surface tension will decrease steadily
" as the surface concentration of material is increased.

It is well known that surface tension acts, along with gravity, to
L determine the propagation speed of water waves, and that its

- relative effect increases as the wavelength decreases. The

o8 gravitational effect and the surface tension effect become equal for
;i; a wavelength around 17mm, and waves of shorter wavelength are often
- called capillary waves, following the now obsolete term for surface

tension, capillarity.

,;é Reducing the surface tension would thus be expected simply to reduce

) the phase speed of waves, and indeed it does. However, when we turn

o to theoretical estimates of the damping of free progressive waves on
b e liquids, we find that the surface tension itself has only & small

. - effect, hardly significant in the oceanographic context.

o What proves to be important in surface film effects is rarely the

oSt mean surface tension of the surface. What is far more important is

3 that the surface tension varies as the surface is compressed and 4
’R; extended mechanically. Propagating waves regularly extend and

“ compress the surface, and this variation in surface tension is seen

S as an elasticity - a dilatational elasticity - tending to oppose the 4
s wave motion.

;ﬁ: This elasticity, being a direct consequence of the fact that surface
..;n tension decreases as a film is compressed, is present in all films.

- Lucassen-Reynders and Lucassen [7] have provided a thorough

<. introduction to the theory of ripple propagation including

o dilatational elasticity effects, and Lucassen [8] has extended this

tf; treatment to longer wavelength waves. The foundations of the theory
N
A
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were laid by Lamb in 1895 [9], although the significance of {ts
results was not fully appreciated until the midadle of this century.

Dilatational elasticity, being unfversal to surface films, is
arguably the most important film parameter. Other influences do
exist, however, and some have been found to be important.

If the film material is soluble, then the surface forms a
continuously adjusting dvnamic equilibrium with the underlying bulk
solution, and the effects of extension and compression are modified
by material exchange [10,11,12]. Such an effect appears as a
dilatational viscosity, tending to reduce the surface elastic effect
at low wave frequencies. If the adsorbed molecules require some
finite time to adjust to tneir final surface configuration, this can
increase the elastic effect at high wave frequencies, again
contributing to the dilatational viscosity. Another way of looking
at this dilatational viscosity is as the imaginary component of a
single complex dilatational elastic modulus.

There is also a shear counterpart to the dilatational modulus,
related to in-plane shearing motion of the film. In at least some
surface-active materials, this has been indicated to make a
significant contribution to wave damping, sinCe the wave~induced
compression and extension also involves some shear. Huhnerfuss and
his co-workers [13] have demonstrated the importance of shear
viscosity in some of the organic materials which act most strongly
as wave damping agents. Huhnerfuss has also developed a relatively
simple method of measuring a form of surface viscosity parameter
[14] which indicates the presence of significant differences between
these materials,

Ting et al. [15] have provided data on the relative magnitudes of
dilatational and shear parameters in the case of octanoic acid.

Analytically speaking, these two complex moduli are sufficient for
the full description of linear surface dynamics. Any additional
mechanisms, involving more complex molecular interactions at the
surface [16], should in all cases be resolvable into shear and
dilatational components.

3. \Mave Damping and Wind Waves

So far, this discussion has looked only at freely propayating water
waves. For these, it is now firmly established that the existence
of a surface dilatational elasticity significantly modifies the wave
motion. The resistance of the elastic surface to compression

and extension by the propagating wave completely changes the free
surface boundary condition for the classical hydrodynamic equations
(7,97, and leads to energy dissipation in a viscous boundary layer,
akin to that found adjacent to a rigid wall, or (more appropriately)
that adjacent to an inextensible (but flexible) membrane.
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One of the more interesting results of the hydrodynamic analysis is
that it predicts the existence of a second propagating wave mode,
one which can occur only when the dilatational elasticity is non-
zero. This second mode is often called the Marangoni wave, after
the distinguished nineteenth-century Italian Carlo Marangoni, who
played a major part in laying the foundations for our modern
knowledge of surface elastic effects. It is essentially an in-plane
(longitudinal) wave motion, similar to that obtained when a thin
elastic membrane is tugged at one edge.

A second feature of classical hydrodynamic theory is that, as the
dilatational elasticity is increased from zero (clean surface) up to
inextensibility, the wave damping passes through a maximum value,
about twice that predicted for an inextensible film [7,17]. This
theoretical result has been amply verified experimentally (7]. The
maximum value is found to occur at a particular value of
dilatational elasticity; a value for which the longitudinal
(Marangoni) wave propagates at the same phase speed as the
transverse wave.

Both longitudinal and transverse (normal) surface waves freely
propagate away from their place of generation, unless acted on
further by external forces.

A more relevant wave situation in the oceanographic context is that
of the generation of wind waves. A shear flow is present in the
adjacent air, and the water boundary is unstable to wave-like
perturbations. If we begin, as before, looking simply at the effect
of surface tension itself, we find that reducing the surface tension
is actually likely to destabilize the surface [see, for example,
19,20]. The dilatational elasticity, however, positively stabilizes
the surface [21,22], and this therefore significantly reduces wind-
wave growth. This is evidently the mechanism which explains the
stilling effect of surface films on exposed, wind-blown surfaces,
and the effect is a major one, as may easily be verified with a
smaél quantity of cooking oil or detergent on any exposed water
surface.

It should be pointed out here that wind-wave tank experiments
reported by Arkharov et al. [23] found that surface-active materials
actually enhanced the wave generation process at a wind speed of
12m/s. There is no easy way of reconciling this result with the rest
of the reported observational data, and it may be wise to treat this
as an anomalous result, until it may be supported independently.

When a wind begins to blow across a still, clean water surface, the
first waves generated are ripples, of wavelength around 20mm. As
these ripples propagate downwind they grow, in both ampl .ude and
wavelength, taking energy from the wind in the process. A surface-
active film stabilizes the surface, so that a higher wind speed is
needed to generate waves. For some wind speeds, no waves at all may
be generated [24].
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On a film-free ocean surface, the waves develop steadily, increasing
in amplitude and wavelength, and eventually we observe fresh ripples
being generated on the backs of the longer waves.

In a fully developed sea, well away from land, when the wind has
been blowing for some considerable time, the wave field includes a
long wavelength swell. As soon as these swell waves become
reasonably large, the wind begins the generation process again, on
the exposed areas of the swell waves, and the wave field becomes an
essentially random mixture of swell, shorter waves and ripples, with
aerodynamic roughness covering a wide range of length scales.

If the wind is constant, the swell propagation direction is aligned
with the wind. However, it is a matter of common experience that
the shorter waves, particularly the ripples, are only approximately
aligned relative to the swell waves. This appears to be associated
with the 'short-crested' nature of these shorter waves, and also
with spatial variability in the essentially turbulent lower
atmosphere.

Swell waves moving into a film covered region are apparently almost
unaffected in amplitude, but are made smoother, both aerodynamically
and electromagnetically, by the suppression of fresh wind-ripples
and the longer waves into which they develop. On moving out of the
film region once more, the swell waves once more develop a covering
of growing ripples.

4. Breaking Waves

The short waves generated on the backs of the longer waves determine
the energy transferred from the wind to these waves [25]. A wave of
given wavelength in deep water is restricted in the height it may
reach, and if energy is being added at a greater rate than can be
accommodated by viscous damping and wave growth, then the wave will
break, the excess energy being lost in the turbulent motion of a
spilling crest or forward-falling jet.

Thus, it is possible that even a spilling breaker of great height
may be reduced to safe behaviour if the energy input can be ‘turned
off' by suppressing the ripples and shorter waves, and thereby
reducing its aerodynamic roughness. A clear indication of this is
given in the observations of Toba and Kunishi [26] for smaller
breaking waves. It is expected that this is the essential mechanism
involved in the reduction of dangerous seas by oil-pouring [1,4]. A
revéew]of surface film effects relevant to breaking waves is given
in (27].

5. Wind Speed Effects on Surface Films

Surface films are physically moved along the surface by the wind
stress, and by mass transport associated with second-order wave

stresses [28- 30]. This effect, combined with the extension and
compression of the film associated with the wind wave motion, is
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likely to cause breakdown of the integrity of the film, and small-
scale mixing of the surface film with the underlying water. Even
insoluble organic materials may be completely dispersed in the water
bulk by this means.

Surface film effects are certain to be limited to the lower wind
speeds by this effect, and this is, indeed, common experience. It
is even possible that at high sustained wind speeds, the sea surface
is surface chemically cleaner than any other water surface, outside
the laboratory.

Estimates of the upper wind speed limit for surface film effects are
difficult to provide, and indeed they are certain to depend on both
the chemical composition of the film and the temperature of the
surface microlayer. Some laboratory measurements have indicated
that films are unlikely to survive for long at wind speeds (close to
the surface) greater than about 6m/s (about 12 knots) [31]. This
figure seems reasonably well supported by other experiential
evidence. It is possible, however, that film effects may persist
for longer, at higher wind speeds, in regions where film materials
are being concentrated by some form of oceanic convergence.
Numerical estimates of film endurance are not possible at present.

Film forming materials will be mixed deep within the upper ocean
boundary layer by plunging breakers, turbulence, and organized wind-
driven convection systems such as Langmuir circulations. When the
wind ceases, the dispersed material will slowly re-appear at the
surface, carried thence by rising bubbles, storm-generated
turbulence in the surface layers, and by molecular diffusion.

Thorpe ([32,33] has reviewed such oceanic processes.

6. Remote Sensing Effects of Surface Films
6.1 Effects on Surface Emissions

Films may have significant effects on both passive and active
techniques of oceanographic remote sensing. They are found to
affect the electromagnetic emissions of a surface at microwave
frequencies, and possibly also at infra-red. Alpers et al. [34,35]
report microwave radiometer measurements at 1.43 and 2.65GHz which
indicate that an oleyl alcohol film may have an effect on the
molecular structure of the surface microlayer below the chemical
film. Other molecular effects of a surface skin could include
modification - perhaps as a barrier - of the evaporation
characteristics of the surface, and this would also be expected to
change the radiometrically sensed surface temperature [36]. Effects
on radiation due to other effects, such as swell, ripples, and foam
are reviewed by Shutko [37].

Other possibilities arise from the wave damping properties of the
film. Changes induced in the structure of the near-surface boundary
layer by a reduction in aerodynamic roughness may affect
evaporation.
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6.2 Reflection (Sunglint) Images

An imaging system that is sensitive to visible radiation will detect
the direct solar radiation reflected by the ocean, in the absence

of cloud. If the ocean were flat, then only a single specular image
of the sun would be recorded, as a brilliant, sharply defined
mirror image., The sea is never so smooth, and the reflection
observed covers a large (roughly circular) area. Facets of the
surface both within and outside the mirror image region will be able
to contribute to the sunglint image, or not, depending on their
surface slope and orientation relative to the sun and the observer.

The NOAA satellite images include, in their visible wavelength
channel, a wide swath of sunglint. Observations relating the images
observed in this way with infra-red emission images, and with other
oceanographi¢ data, are reported by La Violette et al. [38]. The
mechanisms involved in sunglint were established in 1954, by Cox and
Munk [39-41], including some observations on the visibility of oil
slicks.

These satellite images have a horizontal resolution about fkm. More
detailed images have more recently been made available, as a result
of manned spacecraft. The photographs made by Scully-Power in 1984,
from the Space Shuttle 'Challenger' [42], have shown that the
observational power of sunglint imagery increases dramatically with
finer resolution. The detail shown on many of the images obtained by
Scully-Power shows widespread evidence of sub-mesoscale surface
features, and the only reasonable explanation for their visibility
is through the effect of surface films on the surface roughness.

Cox and Munk clearly demonstrated that a reduced-amplitude wind-wave
spectrum would have the observed effects on the sun's reflected
image, and there is no reasonable alternative explanation for the
patterns which is tenable for all the images obtained [43]. Wind
distribution effects, such as those observable in some SEASAT radar
images, typically involve longer horizontal scales than are seen in
the sunglint images.

Apart from space shuttle observations, there are very few
opportunities for good-quality high resolution images of the ocean
surface. Sheres et al. [44] have recently reported one interesting
case, in which photographs taken from a high-flying aeroplane were
able to resolve refraction in swell waves off the coast of
California. In these observations, a slick area was observed in the
region of greatest horizontal shear, an observation of considerable
relevance for the interpretation of recent shuttle images.

The surface slopes associated with wind-generated ripples are
generally greater than those found with longer (gravity-dominated)
waves, angles greater than 30 degrees being commonplace, even in
gentle winds. Thus the well-understood dependence of sunglint on
surface slope allows the imaging technique to be sensitive to a
wide range of sea-surface conditions.
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6.3 Imaging Radar Systems

AL

Microwave pulses are scattered by the sea surface, which has
roughness in the same order of length scales as the microwave

B wavelength. If the backscatter, as a function of position on the

. surface, is used to form an image, then spatial variations of the

§ roughness will be imaged. This is the principle of the sideways-
looking airborne radar (SLAR) or real-aperture radar, which has been

. able to detect oceanic features such as internal waves.
< Only surface roughness variations are detected in SLAR, in contrast
-ﬁ; to the imaging mechanisms of SAR (Synthetic Aperture Radar), which
: also involve the motion of the scatterers relative to the radar.
_ The considerable advantage of SAR over SLAR {s that it allows a
-, horizontal resolution of the order of 10m with antennae of
o practicable size. The L-band system carried by SEASAT showed the
e enormous potential of SAR for imaging oceanographic features. Even
- though the imaging mechanisms are presently little understood,
[ several spaceborne SARs are planned for the near future.
- Scatterometry is another active radar technique which responds to
i’y variations in surface roughness, although it does not produce images
<. of the surface. The scattered returns are processed to give
- roughness data which is found to correlate extremely well with wind
W speed.
> Surface-active films act directly to reduce the amplitude of surface
] waves in a wavelength region highly relevant to microwave
- scattering. Their immediate effect on wind-wave generation is
o principally in the surface wavelength range 20mm to 50mm, a range
! directly relevant to X- band radar (wavelength 24 to 37.5mm).
» However, as was indicated above, it is these ripples which develop
‘g quickly into longer surface waves, of wavelength better matched to
T the scattering of the longer wavelength radars, such as C-band (37.5
N to 75mm) and L-band ( 230mm). A considerable amount of work has
e been done on the effects of surface films - both surface-active
‘;3 chemical films and mineral oil films - on radar backscatter [45-49].
. It is important to realise that surface film effects are not the
o only mechanisms capable of modulating the surface wave spectrum in a
< radar imageable way. Surface currents can also affect the spectrum
-~ seen by the radar, both through modulating (straining) the spatial
~ periodicity of existing waves and also through wave-wave
X interactions. The efficiency of wind-wave generation may
additionally be modified, if the currents are with or against the
. wind direction. Surface modulation mechanisms are reviewed from the
" point of view of SAR by Rufenach et al [50].
. Another hydrodynamic effect capable of affecting wave spectra is
turbulence. It is commonly observed that turbulence at the surface,
- due to ship waves or to upwelling of water from deeper regions
N produces a smooth patch in otherwise wave-covered water. The
X turbulence appears to prevent the organised wave motion from
, : persisting or developing in these regions. It should be remembered,
W
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though, that any such turbulence, from whatever cause, may aid the
transport of surface-active material from the bulk water to the
surface, where it may become adsorbed.

! It would perhaps be expected that surface film effects on imaging

P - radars would be more dependent on radar wavelength than surface

; current and surface straining mechanisms. Films would be expected
to have an immediate effect on wind-waves in the X-band region, say,
but a smaller, relatively delayed effect on waves in the L-band
region.

The mechanisms by which the wavy water surface is imaged by radar
are by no means cClear, particularly in the case of synthetic
aperture radar. Although several likely mechanisms have been
proposed, it has not been possible to tcost them adequately, because
there are presently no means of measuring the necessary parameters
of the surface wave field. Reliably accurate wave measurements for
wavelengths less than 0.5m are presently impossible in the open sea,
except close to fixed platforms such as towers, and these may
interfere aerodynamically with the wind-wave generation process.

PR

! At best, time series data is measured, and this is of doubtful value
: for relating to radar images, which are more concerned with
instantaneous spatial distributions than temporal distributions.

b Techniques such as stereo photography are more appropriate, if less
convenient, and there is a present trend towards developing such
techniques.

The lack of adequate experimental verification is a serious obstacle
to progress in radar imaging, made more difficult by the expense
, presently involved in deploying imaging radars, and then processing
‘ their data.

Another potential factor in SAR imaging which is difficult to

H quantify is that of foam from breaking waves. At wind speeds as low
as 8 m/s, in the open ocean, quantities of white foam can be
observed being dragged, bubbling, away from the Crests of swell
waves, and moving down the forward wave slope considerably faster
than the wave speed, by as much as 0.5 m/s. Such moving scattering
entities may have their own contribution to SAR ifmage contrast.

K. Since foam stability is strongly influenced by surface-active

| materials. there is a potential surface film influence through this
mechanism. Wave breaking itself, even without foam, also leads to
redistribution of the energy of the wave field towards the sharter
wavelength region.

o~

7. Film Distribution on the Ocean Surface
7.1 Surface and Above-Surface Mechanisms
So far, this paper has considered only the effects of films on the

wave properties of the surface, and the consejuences nf thewe
effacts for the various techniques that are capable of 1maging the
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wave properties. Another major area of difficulty in our
understanding of oceanic surface film effects concerns the way in
which the films come to be arranged in the uneven distributions
which are imaged.

In the absence of any external influence (such as wind and
currents), surface-active material will spread until the surface
tension is constant, everywhere over the surface. In practice, the
horizontal stresses associated with water currents, and wind and
wave stresses on the surface are sufficiently large compared with
the horizontal spreading stresses that this uniform distribution
arises only when winds are very light, and the seas calm. Perhaps
the phrase 'glassy calm' was coined for such conditions.

Several mechanisms have been identified which could result in the
uneven distribution of films on the open sea. With perhaps a single
exception, that of internal waves, these mechanisms are poorly
understood.

Film material, otherwise uniformly spread, will accumulate wherever
there is a convergent surface flow. This may be in the adjacent
air, an updraught having a convergent flow at the surface. Stommel
[51] reported surface streaks, parallel with the wind, which
adjusted to changing wind conditions faster than would be expected
if water motion were involved. Such patterns are likely to
correspond to circulations in the air. Gerling [52] reports SAR
and scatterometer data from SEASAT which indicate the presence of
atmospheric roll vortices which influence the wave patterns on the
sea surface.

Barger et al. [53], and Kuznetsov and Panin [54] describe
measurements of the wind struCture over waves, and indicate
differences associated with the presence of surface slicks.

On the surface itself, the surface waves have horizontal radiation
stresses associated with them [55], and, as noted above, the stress
exerted on the surface by the wind is strongly dependent on the
surface roughness.

If any one of these three factors: wind distribution, wave stress,
or surface roughness, is non-uniform over the surface, then zones of
divergence and convergence can arise on the surface, without any
prime cause in the underlying water. If surface-active (wave
damping) material i{s present, then any small initial non-uniformity
might result in a rapid growth of that non-uniformity, the film
concentrations reinforcing the action of the initial cause.

Such a situation would be sufficiently complex without the three
potential initiating factors being themselves implicitly related.
The wave field, through its aerodynamic roughness, influences the
wind boundary layer, affecting the energy transfer from wind to
waves, and thus affecting the wave field.




Possible film distribution mechanisms along the lines indicated
above have been discussed by Kraus [56,57], in considering the field
observations reported by Van Straaten [58]. These observations
indicated that slicks could be aligned either parallel or
perpendicular to the wind (and wave) direction, a situation
difficult to explain using a single film concentrating mechanism.
Kraus' suggestions have, unfortunately, not been evaluated in the
field, and they are rather too highly speculative for comfort.

8. Below-Surface Mechanisas

Apart from these essentially surface-based causes of non-uniform
film distributions, it is also possible that observed surface
patterns are manifestations of sub-surface motions. Internal

waves and Langmuir circulations are perhaps the best known of these.

8.1 Intermal Maves

Internal waves are gravity waves, supported by vertical density
gradients in the stratified ocean. They travel relatively slowly
compared with surface waves, and whilst their effect on the surface
elevation is negligible, they do cause significant surface
currents. A given area of surfaCe moves backwards and forwards, as
the wave passes below it, in the direction of wave propagation.

The oscillating spatial distribution of the propagating surface
current variation gives rise to regions of convergence and
divergence, which will modulate the surface concentration of any
film material present. Both currents and convergence regions thus
exist together, although not in phase, and this is likely to
aggravate the problems found in interpreting SAR images in film-
covered regions. This is particularly so for radar wavelengths
close to the ripple wavelengths most susceptible to damping effects,
such as X-band (24 to 37.5mm) and C-band (37.5 to 75mm).

The first published observations relating surface slicks to internal
waves are due to Ewing (59,60], who observed internal-wave-induced
temperature variations in the water, simultaneous with the
occurrence of slick bands. LaFond and LaFond [61] reported surface
tension variations associated with internal wave propagation.

Yermakov et al. [62-64] showed, from laboratory experiments, that
the surface film mechanism of producing slick regions above internal
waves 1s potentially very sensitive. They pointed out that when the
surface concentration of film material is in a particular range,
depencent on the material, only very small degrees of compressicn
and expansion are needed to give large changes in wave damping
behaviour. On the basis of wave damping relationships, they deduced
a criterion for slick effects that the surface dilatational
elasticity should be greater than about 3.5 mN/m, and indicated that
the greatest contrast between slick and non-slick areas was found in
the 2 to 3cm wavelength region. [t appears that this value of
elasticity i, consistent with what cbservations there have heer 'l
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these are extremely inadequate, in the absence of a simple routine
method of measuring surface tension on the sea surface.

8.2 Langmuir Circulations

Langmuir circulations (65] are helical vortex circulations in the
upper layer of the open sea, driven by the wind. They are always
aligned with the wind, and are observed as a result of the slicks
which form at the convergence zones. Their formation mechanism is
not yet fully understood. Whilst it is unlikely that the films play
any major part in their formation [66], it is nevertheless true that
the films formed by surface-active material carried into the
convergence regions are a major cause of their being observed.
Sutcliffe et al. [67] discuss the origin and fate of the organic
material found in Langmuir circulations.

8.3 The Scully-Power Shuttle Observations

Many fascinating internal wave patterns were observed and
photographed from the Shuttle CHALLENGER by Scully-Power, in 1984
(42]. Those observed propagating into the Mediterranean from the
Strait of Gibraltar, generated by tidal flows of the density
stratified ocean over the sills in the Strait, are proving very
interesting from the point of view of the oCean dynamics in this
area.

8.4 'Spiral Eddies’

A significant fraction of the patterns seen in the Scully-Power
images have so far not found an adequate ocCeanographic explanation.
These are the 'spiral eddies', observed in several geographical
regions, but most strikingly near the Gulf Stream, and in the
Eastern Mediterranean. These eddies appear, literally, as surface
spirals, gelineated by thin, sharply defined surface slicks, which
ap?eay to follow streamlines, converging on the centre of the
spiral.

It is probable that the flow beneath one of these spirals is that of
an upper ocean eddy, a rotating, approximately circular body of
water. It would be expected that surface markers above an eddy
would follow spiral streamlines, as there would be a net flow
towards the centre, at the surface.

Atmospheric effects may be ruled out, as the patterns observed show
no particular alignment relative to the wind, and are unlikely to
have such organised structures on the time and space scales found.

Similar spirals have been reported in the visible light imagery from
LANDSAT, from the Baltic, made imageable by the presence of blue-
green algae [68].

One interesting feature of the spiral patterns is that a given
pattern usually comprises either left-handed or right-handed
spirals, presumably depending on which hemisphere they are in,
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9. How is the film material formed into lines?

Some possible surface convergence mechanisms were outlined above:
internal waves, Langmuir circulations, and atmospheric effects.
These mechanisms will all give accumulations of whatever surface
active material is present on the surface. However, these
mechanisms alone cannot explain all of the observations, the case of
the ‘spiral' eddies being notable in this respect.

One possible clue is given by the observations of Sheres et al.
[44]. In the sunglint image obtained in this work, a slick region
coincides exactly with a region of strong horizontal shear, made
evident by refraction of the swell waves that are seen ciearly to
either side of the slick region., These observations have recently
been supported by similar results (although from real-aperture
imaging radar rather than sunglint) reported by McLeish and Ross
(69], who also found a slick region associated with a shear zone, at
the Gulf Stream front off Cape Hatteras. In both cases, the slick
width was about 1 km, and surface velocity changes of 1 to 1.5 m/s
were found, although the overall deduced horizontal shear was much
smaller in the McLeish and Ross case.

McLeish and Ross suggest that the slick is associated with a surface
convergence along the frontal boundary, although they give no
supporting evidence of this. Sheres et al. suggest an alternative
explanation, that the slick region they observed may have been due
to wave stresses in the shear zone, which acts as a low pass filter
for waves, and a barrier for the higher wave frequencies. This
latter seems unlikely for the Sheres observations, which used
sunglint, and would therefore be imaging distributions of wind
ripples, rather than swell waves. It would be a more likely
explanation for the McLeish and Ross radar observations, which
involved longer surface wavelengths in the imaging process. Sheres
et al. do acknowledge other reported observations of slicks in their
area, some of which actually had floating debris in them.

It is not at all clear in either Ccase how the shear zone aCts as a
¢ollecting region for surface film material. However, it is
reasonably well established by these cases that slicks and
horizontal shear zones can be coincident.

If such 1s the case, then the observations of spiral slicks
overlying eddies could be taken as consistent with this evidence,
since there will be shear associated with the spiralling surface
flow. The results of Yermakov et al. [62-64], considered above,
show that the relative surface concentration of film material, by
whatever sub-surface cause, need not be particularly large to result
in a large variation of wind-wave damping.

Some support for the association of shear and slick regions was
gained in the SIR-B experiment of October 1984, using an L-band
synthetic aperture radar in the shuttle CHALLENGER. ARE were making
detaiied thermal strucCture measurements in a deep water site off the
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Bay of Biscay, coincident with one of the very few effective imaging
passes of the Shuttle in the Deep Water Site.

Fortunately, in the imaged pass, a surface chemical slick had been
laid deliberately on the sea surface. Oleyl alcohol was spread from
the observing ship MV PROFILER, using an adaptation of the chemical
spreading technique described by Huhnerfuss and Garrett [70], in
which frozen chunks of the material were thrown about 25m from the
sides of the ship.

A slick approximately 100m wide was formed this way, and this was
imaged quite clearly by the radar. As can be seen in the image,
however, the straight-line slick had been severely disturbed in the
interval between the time of laying the slick and the time of the
image, about 45 minutes later. The slick is broken into two parts,
relatively displaced. Throughout the whole period from the chemical
deployment up to the imaging time, PROFILER had been travelling in a
straight line, at a steady 4 knots, towing a 200m long thermistor
chain, which measured the thermal structure of the ocean between
about 10m and 180m.

The isotherms deduced from the chain data indicate clearly the
presence of a significant eddy disturbance in the region of the SAR
image, and the slick position can be seen to be close to the edge of
the eddy, the region of greatest shear.

The hydrodynamic processes associated with this eddy are apparently
very complex. In the sloping shear region at the edge of the eddy
there is evidence of very strong mixing, and some surface
convergence is apparent, shown by a large dip in the near-surface
isotherms. Unfortunately, the chemical slick narrowly missed being
laid directly in this convergence region, which seems to be the
region of strongest shear, but it was sheared to a considerable
extent. Some further deductions may be made from the radar image
which are significant in this context.

A feint pattern of curved dark lines may be seen in the image, not
quite suggesting an easily recognisable pattern such as a spiral,
but nevertheless indicative of similar shear activity. Such dark
lines in a radar scattering image indicate low scattering strength,
and would be consistent with the presence of a slick region.

One of the more visible darker lines is indeed seen to pass through
the ship's track in the position where the surface convergence
region was observed, above the strong shear zone.

Although admittedly rather tenuous, becCause of the low contrast in
the images of these shadowy features, there appears to be a link
here between shear boundaries, Convergence lines, and radar-imaged
slicks.

The mechanism relating convergence and shear 15, however, unclear.




A further set of observations was made In 1985, in the region of the
Iceland-Faeroes frontal system. Twelve oleyl alcohol slicks were
laid fn this region, which is known to be one of extremely active
shear, being the boundary between counter-flowing water masses of
different buoyancCy characteristics.

An imaging radar was flown during these experiments - this time a
real-aperture X-band radar on board a light aircraft. In addition
to the radar images of the surface, sunglint pictures were taken of
the surface. In one sequence of three slicks, laid over a track of
length 6 n.mi., intense shear activity was observed, one slick being
sharply broken, and quickly dispersed by the oceanic flows.

There are several points of interest arising from these
observations. At the time they were made, the wind was very light,
and this made radar images of very low Contrast, so low that the
slicks were barely detectable. However, sunglint produced very high
contrast in these conditions.

There is thus an interesting complementary quality to the two types
of observation, which helps to offset the disadvantage of sunglint
that it requires Clear skies.

No natural slicks were observed in the region of this shear
activity, although we had observed - from deck level - large areas
containing many irregular slicks in other parts of the frontal
system. Regrettably, the aircraft was not present during these
observations.

10. Surface Films as Surface Markers

The experiments described above have indicated that wave-stilling
chemical slicks can be very useful for showing the horizontal shear
behaviour of the ocean, a property not easily observed by cther
means, particularly at the lower values of surface current involved.

With the ever-increasing avaiflability of above-surface abservation
platforms capable of resolving below 100m at the ocean surface, it
is expected that the use of deliberately added surface film

material could develop into a useful technique which complements in-
water measurements. The possibility of high-resolution sunglint
imaging systems operating from unmanned space platforms should be
considered seriously in this context.

11. Conclusions

[n this review of surface film effects on the ocCean, several mgjor
areas of relative ignorance have been identified, associated with
almost all of tne stages in the production of surface film

patterns. Problers have been {dentified in the way the film
material affects the wave spectrum; the way the spectrum and its
spatial variations are imaged by the various techniques; and the way
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: the ocean can act to produce spatial variations of the film
X concentration and the wave field, together.

A combined observational/theoretical/experimental approach will
undoubtedly be needed to further the understanding of the overall

r, problem. It is apparent, however, that the state of observation is
severely hampered at present by the great expense of field work, and
the expeimental aspects of the work are extremely difficult.

o Theoretical modelling urgently requires input from these aspects if
it is to develop satisfactorily.
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THE PHYSICAL APPEARANCE OF BIOGENIC SLICKS

These photographs were taken about 0750 GMT on June 28, 1986, in the Faeroe
Bank Channel, around pesition 61 20'N, 7 40'W, just to the South-West of the
Faerves, near the edge of the Faeroes shelf. The water depth is steeply
sloping downwards in this region, along the ship track, which passed from the
Faeroes shelf into the Channel. The wind was light, less than 10 knots, and
was approximately constant throughout the series of photographic frames, which
were all made within 10 minutes. The ship, MV SEA SEARCHER, was making about
10 knots, equivalent to a distance about 3 km over the 10 minute period. The
weather has been calm for at least the previous 48 hours. All of the frames
were taken from the same position on the ship, at Bridge level (about 6m), and
the skv was uniformly overcast.

The photographs illustrate the complex nature of the variation of surface
roughness inside and outside slick and non-slick regions. They indicate how
little roughness variation can give a strong visual image, and alsc how
clear-cut the boundaries of slicks can be.

The first few frames are from an almost completely slick-covered surface, with
darker (rougher) patches showing through the slick.

Frame 5/5 shows the structure of one of these dark patches. The dark appear-
ance clearly comes from small 'pock-marks', made up of groups of short waves
fectimated wavelength 50mm) distributed quite thinly over a much smoother,
though still wave-covered, surface. There was no obvious orientation to the
dark patches observed. Close inspection of photograph shows that the wave-
fronts which make up most of the dark patches are rather longer than the
patches, and that the observed 'dark' region may simply be place where the
Jocua! surface slope exceeds a particular value.

Frame 5/6, taken less than minute after the previous frame, shows the same

patchiness, but this time we can also sue the completely unruffled slick region

in the foreground. The boundaries of the darker region appear to be extremely
sharp, occupyving less than lm. The position of these boundaries did not appear
to charge significantly while within sight of the moving ship. These darker
regions were observed to be roughly aligned, approximately East-West, the ship
crossing them on a South-West track.

Frare 578, again within scconds of the previous frame, shows an isolated 'spur'
o roughnees, less than about 10m in width., This frame 1is interesting since it
shows the ripples which causes the dark reglon extending (with reduced ampli-
tude) several metres into the foregournd slick region.

Frames 509 and 5/10, which are almost adjacent (place 10 to the left of 9),
were takenn B oor 9 minutes after the previous irames. A completely ditterent
condition [« apparent here, the slick reglons being isolated within larger
rovel regions, inc:ead of vice versa.

in this condition, the dark region appears quite un{formiv rough, and the slick
regions contain the same sort of wavelengths as the rough regions (estimated to
be 200-300mm). The slicks stand out clearly from the rougher regions, and are
ali{gned East-West, as were the earlier pdatterns.,
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The gradual transition from the 'rough-on-slick' condition to the 'slick-
on-rough' condition found in these results suggests that the difference is
quantitative rather than qualitative, the surface concentration of biogenic
material decreasing away from the shallow water region. The ship eventually
moved completely out of the slick region.
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|DI rQQ! QIiQD O M Johannessen: A Note On The Grease ics “Microlayer” effect on Ramole sensing

4

| have under several Arctic winter experiments in the Gulf of
Lawrence, Fram Strait, Greenland and Barents Sea observed how ice s
formed under presence of wind, surface waves and swelis. The freez.ng
happens very suddenly resulting first in the formation of grease .ce
Grease ice is a "soupy” low viscosity liquid, in the order of a cm or iess .
thickness, riding on the top of the waves. When it torms it rap:dly
dampens out capillary waves and short surface waves, with waveiengtns
in the same order as used on a X-C-L band SAR. This damping has
significant effect on both passive and active microwave Sensors In suC” &
way to give suppressed or even no information of wind, waves and swel
Ship detection with SAR would probably also be severly hampered | shoulC
stress that this grease ice formation is not a local event, only cccuring
near the ice edge. From low-flying aircraft in the Greeniand Sea, | have
observed the grease ice over several thousand km? . In this note | am
reporting some observations from the Norwegian Remote Sensing
Experiment. NORSEX (1983), Johannessen et al. (1983), where the effect on
grease ice on passive and active microwave sensors are quantified.

~
[a g3
O

jay

The NORSEX Experiment in the marginal ice zone north of Svalbard took
place in the fall of 1979 from 17 September to 12 October during freezing
conditions. Coordinated passive and active microwave measurements were
obtained from ship., airborne and satellite instruments together with
in-situ observations. Two remote sensing aircraft from NASA (a C-130
and a CV-990) took part in the experiment. The sensors on the C-130
aircraft included a 14.6 GHz airborne microwave scatterometer
(AMS-CAT), a 13.3 GHz scatterometer, a 4.5 to 7.2 GHz stepped frequency
microwave radiometer (SFMR), and 18.0, 21.0, and 37.0 GHz muitifrequency
microwave radiometer (MFMR), a 10.7 GHz passive microwave imaging
system (PMIS). a thermal infrared radiometer (PRT-5), and two Zeiss
metric cameras  Six flights were conducted over the marginal ice z0n¢.

Tne NASA CV-9%0 was instrumented with a Jet Propulsion Laborater
L-bard % 215 GHz) synthetic aperture radar (SAR) with a resolution ¢f C
m Two fhights were performed, one of which was simultanecus with a
C-130 ftigkt on October 1.

A combned passive and active microwave S$ensor cystem measrued e

[OANRS

and ocean sigratures at a height of 65 m from the RNV Poiarsirke! an

cenreaker These sensors, from the University of Bern includec tve
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microwave radiometers at 4.9,10.4, 21,36,.and 94 GHz, a scatterometer at
10.4 GHz, and an infrared PRT-5. Photographs were taken of every
radiometric target.

The L-band SAR image obtained under light wind conditions (4 m/s)
figure 1, shows the ice to have a wavelike edge with scale length of
20-40 km. Moreover, eddies are present at the ice edge with dimensions of
5 to 15 km in diameter. The black signature associated with the eddies
and the black circular signature 5 km across between the two eddies (fig.
2), was from the ice observer onboard the C-130 identified as grease ice.
Six hours before the SAR image was obtained on October 1, R/V Polarsirkel
fortunately passed through the 5 km circular black signature along the
track S1 to S2 (fig. 2). Ship-based brightness temperature at 4.9 GHz, sea
surface temperature and "bucket" salinity were obtained and are shown in
fig. 3 as well as the backscatter profile from the SAR image acquired six
hours later. The region of low backscatter and high brightness
temperature is the grease ice associated with the 5§ km region of water
colder and less saline than its surroundings (interpreted as an eddy shed
from the ice edge) allowing freezing of grease ice to occur. From the SAR
profile it is seen that the backscatter is 6 dB lower for the grease ice
region compared to its surroundings, while the brightness temperature at
4.9 GHz increases with 20-30°K, thereby masking the "normal" ocean
roughness at 4 m/s wind. A photograph from a grease ice region (fig. 4)
clearly demonstrates this effect. Most of the area in the photograph is
covered with grease ice where the capillary and short gravity waves are
damped out. However, in a few places at the crest of the waves, the
grease ice is broken up allowing the capillary and short waves to exist.

in the introduction | mentioned that the grease ice formation is not
only a local occurance near the ice edge, but it can take place over
thousands of km?. This condition was observed when | was onboard a
low-flying Norwegian Air Force P3 on a course from northern Norway to
the ice edge in the Greenland Sea on 25 April 1985. Furthermore, transient
thin ice signatures over large regions both from the Greenland and Barents
Sea have been identified in the analysis of the Nimbus 7 SMMR
observations.

While wind and waves were masked by the grease ice, its boundary,
under light wind conditions (4 m/s) was used to indicate the ocean frontal
boundary off the ice edge. A synoptic mapping of the surface temperature
and salinity of the frontal zone by R/V Polarsirkel on 1. October
(Johannessen, 1983) is shown in figure 5 together with the main structure
of the ice edge as derived from the SAR images obtained the same day. At
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Et1 the boundary of the grease ice appears to follow the same pattern as
the frontal structure (-1.509C, less than 33%), thus suggesting that the
boundary of the grease ice in this case can be used as an indicator of the
location of the front. During this day, the air temperature was -10°C,
allowing grease ice formation on the cold, low salinity side of the front,

thus enhancing the boundary. sy,
s
[ Di ion an mm ‘?{
In polar regions, even when wind, waves and swell are present, freezing :_.
of grease ice occur. We have shown from one set of observations during
light winds (4 m/s), that grease ice can decrease the L-band SAR _Z::;f
backscatter with as much as 6 dB and raise the brightness temperature at -
4.9 GHz with 20-30°K compared to its surrounding. The grease ice will ";
therefore mask the normal ocean image mechanisms associated with wind, he
waves and swells. Under a winter expedition in the Gulf of St. Lawrence in ,’~
1970, | also observed that grease ice at higher wind speed is a transient M
phenomena. At wind speeds of about 8-10 m/s it was still present "riding” .
the waves. When the wind increased to over 10 m/s, it disappeared, being ?
broken up by the waves. At lower wind speeds it again formed. {"
It is also shown that the boundary of grease ice in SAR imagery under RY
light winds and freezing conditions can be interpreted as frontal boundary, Wi
simply because freezing occured on the cold and low salinity side of the ‘"\-I:
front. hy
In cold and low salinity polar regions where grease ice can form, one 3
can speculate on the effect grease ice has on the detection of eddies and i
internal waves. Horizontal shear and convergence are associated with ;,E_':"
these two phenomena. Will these physical feature when interacting with e
the grease ice and surface waves cause an enhance signature when l:""
comparing to the surrounding or will it be suppressed? To indicate that '5“
enhancement may occur, eddying in a thin melting ice field observed by ,?:"
Landsat in June 1976 to the east of Svalbard is shown in figure 6, f’i.“'
Vinje(1985). The eddies stand very clearly out, but will the same effect (A
be seen in a SAR image? "
The grease ice is as mentioned a "soupy" low viscosity liquid riding the ‘,'S‘N
ocear surface. This may occur up to 8-10 m/s. When present the wave :"h
breaking is drastically reduced or not occuring at all. This should prevent E&
air bubbles from being injected in the upper layer, thereby reducing the
ambient noise. | do not know of any measurements of this effect. but \\
could be very significant and could also have operational implications. .k'.:\'
B
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Y In summary we have at pressent only a beginning understanding on how
s .

DY grease ice affects remote sensing signatueres, and furthermore how this
"soupy” thin viscous "microlayer" affect the ambient noise. During MIZEX
R 87 to occure in March 1987 in the Fram Strait, such investigations are
" planned.
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Y Figure li

‘u Figure 1: Jet Propultion Laboratory synthetic aperture radar, L-band
% 1.215 GHz image of the marginal ice zone October 1. 1979.
" (after NORSEX Group, 1983).
S0
b Figure 2: Schematic representation of the SAR image of October
;: 1.,showing the ice eddies, and gerase ice. Thin lines show
o the flight tracks of the NASA C-130 and the zigzag ship
S track on October 1.(after NORSEX 1983).

-7

- Figure 3: Surtace temperature and salinity from R/V
o Polarsirkel, SAR backscatter (relative scale), and
A ship-based brightness temperature at 4.9 GHz on October
2 1. along the track from S1 to S2. (after NORSEX 1983).
e,
i -,
”,': Figure 4. Grease ice , the "soupy” viscous liquid riding the waves. At
ey a number of crests the grease ice is broken allowing

capillarly and short gravity waves to exist. Photo taken by

o E.A. Svendsen during the NORSEX experiment in the Narginal
?Zj—;' lce Zore northwest of Svalbard in fall of 1979.
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Figure 5: Surtace temperature and salinity mapped by R/V "3
Polarsirkel on October 1.. Thin lines indicate ship track, .
and hatched areas indicate grease ice. Crosses indicate the !
frontal boundery interpreted from the SAR image the same _
day (after Johannessen et al, 1983). -3

Figure 6: Eddying in a thin, melting ice field as observed by
LANDSAT 8 June 1976 between Edge eya (right and the
southern tip of Spitsbergen (left). Similar feratures were hY
also observed this area on the two following days before ,:,
clouds covered the area. High pressure conditions prevailed ”
with calm or very weak northwesterly winds (Photo: A
NASA) (after Vinje 1985). -
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ON PHENOMENA AFFECTING SEA-SURFACE REMOTE SENSING
AND INTERFACE MICROLAYER

e

by

Jin Wu

Air-Sea Interaction Laboratory
College of Marine Studies, University of Delaware
Lewes, Delaware 19958

ABSTRACT

Twe groups of pnenomena relevant to sea-surface remote
sensing and interface microlayer are discussed. Parameters
describing fine structures of the sea surface, the mean-square
slope and roughness length, are summarized along with effects of
tne surface film on these quantities. Laboratory and field results
are reviewed to show that the viscous sublayer below the air-sea

interface is thinner than, and behaves differently from, that over
the solid surface.

1. INTRODUCTION

Recent progress in the remote sensing of oceans has pressed
for further understanding of the interface between the atmosphere
and ocean, 48 sea-surface sensors have been used in all tech-
niques. Many of the studies have been conducted under high winds,
~her. gtrong returns from the sea surface are received. The pre-
viiling winds over the oceans, however, are generally light; recent
satellite photographs of the sea surface under these wind condi-
tions show a probable substantial coverage by natural films, from
whizh significantly different returns were reported (Huhnerfuss, et
al., 1983a; HUhnerfuss, et al., 1983b). Two groups of interface
phenomena affecting seasurface remote sensing are discussed.

2. FINE STRUCTURES OF CLEAN AND SLICK SEA SURFACES
Roughness Length of Clean and Slick Surfaces
Clean Surface: Roughness of the sea surface is generalily

described by the roughness length defined in the following
2t o,

Uy = O/)in(z/z ) (1]
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N where U is the wind velocity at elevation z above the megn sea
=f$ surface; u, is the wind-friction velocity, u, = (1/ a) » in
k, which 1 is the wind stress and p the density of air; x = 0.4 is
the von Karman unjiversal constan% is the roughness length.
W The wind-friction velocity can be ob%alned from the wind-stress
ﬂ~ coefficient, C,,, which was proposed as (Wu, 1980)
o
h Cpy = /p U2 = (/U )7 = (0.8 + 0.065U, ) x 1077 [2]
1 10 10 * 710 10
&Y,
" where U1O is the wind velocit¥ measured at 10 m above the mean sea
surface and expressed inm s '. It is generally accepted that the
;( growth of the roughness length follows the Charnock (1955) equa-
,'H tion; the latter with the recently determined proportionality
:4g constant (Wu, 1980) can be written as
-
W 2 .
9 z/(u/8) = a, a = 0.0185 (3]
s in which g is the gravitational acceleration, and a the Charnock
:f constant.
v
fj The wind stress actually consists of two portions, the momen-
k-7 tum fluxes to aqueous flows and to waves. The former is trans-
) mitted by the form drag due to separation of airflows from wavelets
pr {Wu, 1968), while the latter is the momentum flux extracted by long
,;f waves due to their growth in the wind direction (Stewart, 1961).
g < The fraction of wind stress associated with the direct momentum
=;\ flux to long waves was found to be about 0.2 (Hasselmann, et al.,
g/ { 1973; Phillips, 1977). Since the form drag on the roughness ele-
e ments does not support all the wind stress, the Charnock equation
. is rewritten as
N 2
:ﬁl z, = alrugl/e (ul
'\’ where r = 0.8 is the ratio between the momentum flux to aqueous
Lot flows and the wind stress, and z, is used to be distinguishable
from z_,
s °©
:;@ It was suggested (Wu, 1969) that the airflow over the wind-
:?. disturbed water surface separates from the wavelet with its phase
5{ velocity (c¢) smaller than the wind-friction velocity. This pro-
i posal with c/uy, = 1 as the criterion for flow separation is con-
sistent with laboratory (Wu, 1968; Banner and Melville, 1976) as
F " well as field (Wu, 1970) data. Consequently, we can obtain the
- length of wavelets ) satisfying c/uy = 1 from the dispersion
) relationship (Lamb, 1532)
[ gxr oo 1/2
C = 5T + . {s]
- Pultr
oy
)
k)
N
.
o~
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when ¢ 1s the surface tension, and p  the density of water. Thesc
wavelets are therefore the major confrlbutor of roughness elements;
the lengtnh of these wavelets is presented in Flg 1. The length

of wives having the minimum phase velocity, A = 1.73 ¢m for ¢

23 enm s”! is also shown in the figure. The procndure of iden {-
fying the critical wavelet is not applicable at low winds where the
minimum phase velocity is larger than the wind-friction velocity.
Consequently, no airflow separation should occur over wavelets for
U <7 ms '+ This is very interesting, because at this very wind
vpfogxby the atmospheric surface layer becomes aerodynamically

rough (Wu, 1981),

Slick Surface: Effects of an artificial slick upon the atmo-
spheric surface layer of the sea surface have been studied by
Rarger et al. (1970), with the spontaneous spreading of film-
forming chemical, oleyl alcohol (octadecen~1-ol, the cis isomer).
Vertical wind profiles were measured for both clean and slick
surfaces and were found to follow the logarithmic distribution
snown in Eq. [1]. Values of the roughness length reported by
Barger et al. are reproduced in Fig. 2.

As the wind velocity increases from 1 to 4 m s§1, the rough-
ness length of the clean surface (s seen in Fig. 2 to increase
shargly. This 1s due to the rapid growth of small waves in this
region, accompanying the transition of the atmospheric surface
layer from smootn to rough., For the present purpose, it suffices
tn 4y that a stem of rapid growth is clearly demonstrated.

Luring the passage of the slick over the measuring station,

e small waves were observed to be damped and the roughness length
nanged drastically. A stem of rapid growth of the rocughness
Srowbn 13 alse demonstrated, but shifted to wind velocities between
g z’i T m 3_1. Below this velocity region the surface is aerodyna-

i ly smooth; above this velocity region the roughness length of
:ne s5iick surface {s comparable to that of the clean surface. The
ratter effect was suggested due to the disruption of the surface
fiim by the wind (Wu, 1971).

Mean-Square Slopes and Slope Spectrum

Mean-5Square Slopes: The sea surface is covered with ripples;
tne structure af these ripples is generally described by the mean-

vl

quAre slope, =

3 g ’

— <]

‘g 2 + -+
57 = [ ke ak
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where w(E) is the directional wave number spectrum, ; and k are
respectively the wave-number vector and scalor, ko is the wave
number at the spectral maximum, K. is the maximum wave number
where the effect of surface tensign is negligible, and kK {s the
neutrally stable wave number; B and B' are the spectral doeffi-
cients for the gravity and capillary ranges, respectively. The two
wave numbers kY and k, can be expressed respectively as (pwg/o)
and g/U2
10°

Cox and Munk (1954) deduced slopes of the sea surface from
the sun glitter; their data are reproduced in Fig. 3a. Some of
their measurements were conducted in the interior of a dense slick,
where waves shorter than about 30 cm were reported to be absent.
Consequently, for this portion of the data, Eq. [6] can be written
as

s =B zn[(ufo/g)ks} (7]

Fitting the above expression to the data, we have (Wu, 1972)

-3
B=4.6x 10 7, AS = 21r/ks = 38 cm

where XS is the minimum wavelength of the slick surface, and is in
rather clcse agreement with the observed value.

Relative to those obtained in the slick, the data from clean
surface at low winds are seen in Fig. 3a to have an almost parailel
upward shift. The mean-square slope associated with this shift,
about 0.0115, should be the contribution from wave components with
their wave number greater than ks' Consequently, the cutoff wave
number kK at low winds can be obtained from Eqs. [6] and [7],
provided-that K, is smaller than k.,

-1 s
0.0046 Qn(kc/ks) = 0.0115, kC = 2.5 ¢cm [8:

The value of k_ s seen indeed smaller than k., which is about 3.6
em™ 1. The closSeness of these two values indigates that the con-
tribution to the mean-square slope at high winds above the exten-
sion of the line fitted through the clear-surface data at low winds
must come from wave components in the capillary range,

2 2 2 ,
s, = s - B zn(kYU1O/g) =B ln(kr/kY) (9]

in which K. i35 used to replace k_  with ke approaching k  as a
Limit. Sihce both terms on the Yeft-hand side of the above ex-
pression vary with U the term on the right-hand side must vary

’
with U, o, Consequen{?y, fitting a line to the data replotted in
Fig. 30 allows an independent determination of the spectral coef-
ficient B’
64
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B! = 3.15 x 10°°

Slope Spectra: The directional wave-number spectra were
{llustrated in the last section to be compatible with the measured
mean -square slopes of the sea surface. However, it is generally
considered that the elevation spectrum does not have resolution
fine enough to describe the structure of ripples. Moreover, large
discrepancies exist among various sets of reported measurements of
the mean-square slope (Long and Huang, 1976; Tang and Shemdin,
1983). Much of these can be resolved with the slope spectrum.

An optical system for measuring continuous two-dimensional
slopes of tne wind-disturbed water surface has been developed
{Haimbach, 1985). The system consists of a collimated light source
fa laser), a high-speed photodiode matrix camera, two digital wave-
neignt probes and an interfaced computer. The laser beam directed
vertically upward is refracted by the water surface, and is pro-

ected following Snell's law onto a horizontal screen., The dis-
placement of the projected laser beam on the screen from its neu-
tra. position is tracked by the computer—-interfaced camera; the
latter has 1 100 x 100 matrix and is operated at 400 frames per
secong,

Jsing the above technique, time series of highly resolved
two-dimensional water-surface slopes were obtained in the Wind-
save-Zurrent Research Facility. The data were processed to obtain
spectra of both upwind-downwind and crosswind slopes; see Fig. 4.
In the figure, each slice is the spectrum at a given wind-friction
vzioncity, and f is the frequency of waves. Substantial contribu-
tinns are seen from gravity waves; this may provide the explanation
for discrepancies in the reported mean-square slope measured in
virious tanks as well as those between laboratory and field results
{Wu, 1977).

As the wind velocity increases (u* > 60 cm 5—1), the spectrum
in tne capillary range appears to be not only saturated but also
isotropic and has an £~ ' shape. The saturated region extending to
45 high as 45 Hz can be described by

s(f) = 0.0214 £
_ [10]
5 { - =
oud\f) Sc(f) 0.0107 ¢

where the subsceripts indicate the upwind-downwind (ud) and cross-

#ind componants. At even higher frequencles ( > 45 Hz), threre
appears Lo be a3 ocuteft ) with the spectrum following an f trend.
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3. VISCOUS SUBLAYER BELOW THE AIR-SEA INTERFACE
.,
“ﬁ} Variation of Viscous-Sublayer Thickness
-
gi The aqueous boundary layer of the upper ocean is generally
- turbulent. Due to the damping of turbulence by the air-sea inter-
. face, a viscous reglion has been considered to exist immediately
_?. below the sea surface; this region is very thin and is the so- )
é? called viscous sublayer. 1Its thickness was considered to behave
™ similarly as that over a solid surface (Schlichting, 1968)
Dl 5. = 5.u, /v, =8 [11]
v vV W W
) where §  and 6. are the physical and nondimensional thicknesses of
s the viscous suglayer, Uy, 1s the friction velocity of aqueous
,i flows, and v is the kinematic viscosity of water; the thickness of
0 the viscous sublayer is considered here to correspond to the depth
3& where the velocity deviates from the linear profile; in other
words, the sublayer thickness varies inversely with the friction
‘o velocity.
>
~j: Drift currents immediately below the wind-disturbed water
3$; surface were systematically measured in a circulating wind-wave
% tank (Wu, 1984). The results confirmed the existence of a viscous
sublayer at the air~water interface, with the current varying
. linearly with depth and the shear stress determined from the linear
..4 profile comparing very favorably with the wind stress. The thick-
+eYy ness of the viscous sublayer below the air-water interface is
)5 presented in Fig. 5a; an almost constant thickness, év = 0.8 mm, is
" seen except at the lowest wind velocity. Consequently, for most
o wind velocities the nondimensional thickness of the viscous sub-
2 layer below the air-sea interface, instead of having a constant
N value, increases with the friction velocity as [llustrated in Fig.
{4 5b and represented by the following expressions,

" Ce b < 0.2 o
B 6, = Uy, .2 cm s
) 6 = 4 6.3(u, - 0.2)° 0.2cems ' <u, < 1.0ems ' [12]
oy v *y *y
"\I
'é 5+ 8 u > 1.0 cm s_1
, v ¥y : .
ol ,
-t where u, {3 expressed in cm s '; these expressions are {llus-
e, trated in Fig. 5b. In summary, the nondimensional thickness of the
y - viscous sublayer is smaller than that over the solid surface and i
j’{ also varies with currents.
>
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The above results are consistent with the single current t
profile reported by McLeish and Putland (1975), the temperature X
profiles measured by Khundzhua et al. (1977) as well as the con- by
cepts advanced by Saunders (1973), who suggested that the turbulent Dy
process should penetrate closer to the air-sea interface than to ;:
the solid boundary. »

=

Further Supports of Proposed Variation

Y
ol

*r:
"

Thermal Sublayer: Within the viscous sublayer, exchanges of
momentum and heat are mainly due to molecular process (Khundzhua
et al., 1977). Relative efficiency of momentum and heat transfers
depends on the molecular Prandtl number (Schlichting, 1968): P =

Vw/u , where D, is the molecular thermal diffusivity. For water
wlith P = 7 approximately, the momentum diffusion is more effective

than the thermal diffusion. Consequently, we have inside the
viscous sublayer a region where the heat transfer is through the
molecular process; this region is the co-called thermal sublayer.

= o e
Q..y.
g

|

>
"o
e’

The thickness of the thermal sublayer (§ ) can be related to
the net heat flux (Q) across the air-sea 1nter?ace (through the

.f’

sublayer) and the difference in temperatures at the sea surface and {
the Lower boundary of tne sublayer (AT) as (Saunders, 1973) Ay
Qv Qv SA
1/

T L. ]
pPutry pPuky i

[13] ’

172, , 1/2 Y
rn= (0 r) u,‘w/u*w and  u, = u*(pa/pw) )
1Y
Where ¢ g the specific heat and ug, 1S the current-friction 1y
velacit? calculated from the wind stress assuming the stress con- b,
tinuity. Subsequently, field experiments have been conducted .
to determine the value of A. ;33
Oceanic data reported by various investigators (Grassl, 1976; ;)
Simpson and Paulson, 1980; Paulson and Simpson, 1981) are complled 1}
<

in Fig. bha; different values of the wind-stress coefficient were

a—.’;“"

o

adopted in their data analysis. For a fair comparison, their

results were recalculated by uniformly adopting the wind-stress by
coefficient shown in Eq. [2]. The recalculated values of A shown oy
in Fig. 6a are presented in Fig. 6b, and are seen to be much less ::
scattered. ’Wt
P,'b
: h}t

The results shown in Fig. 6 have a rather clear trend: A '
. inereaning With ”‘n at, 1now winds and approaching a constant value ;
1t omigh Wwinds,  The scattered data do not warrant a detailed curve -4
fitsing; twn expressions {n simplest forms were proposed to ap- i{}
Sraximate tae trend (Wu, 10857 Ao
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-1
A= 2+ (5/7)U1O U10 <Tms
-1

A =T U10 > 7 m 3

[14]

where U is expressed inm 5—1. Lines corresponding to the above
expressions are drawn in Fig. o6b; the trend illustrated by the
lines is consistent with that of Eq. [12].

Diffusion Sublayer: The rate of gas transfer of non-reactive
gas across the sea surface is considered to be governed by mole-
cular process within the viscous sublayer immediately below the
alr-sea interface (Bolin, 1960; Deacon, 1977). The nondimensional
resistance of gas transfer (R) across the sublayer can be expressed
as

+
R = 5V/D8 {15]

where Dg is the molecular diffusivity of gas. The transfer veloc-
ity of gas (V) is related to the flux as

V = Flux/AC (161

where AC is the difference in gas concentrations between boundaries
of the sublayer, with its upper boundary at the sea surface. Con-
sequently, the transfer velocity can be found from
u Du

*
Ve — o — (173

In other words, for a given gas the rate of transfer is propor-
tional to the friction velocity of aqueous flows, and inversely to
the nondimensional thickness of the viscous sublayer.

Data on the rate of gas transfer across the air-sea interface
were reviewed by Deacon (1981) and by Hasse and Liss (1980). 1In
the former review, the nondimensional thickness of viscous sublayer
below the interface was considered to be constant, &' . 11.6. On
the basis of this value, the calculated rate of gas %ransfer was
found to be only a fraction of the measured quantity at light winds
(< Tm 5"1). The most distinguished feature of the latter review
is that the rate of gas transfer was found to vary much more gra-
dually with wind velocity than the above predicted trend.

The friction velocity of aqueous flows at various wind veloc-
ities can be estimated from Eqs. [2] and [13] with r = 0.2, and the
nominal thickness of the viscous sublayer can be calculated from
Eg. T12]; the results are presented in Fig. Ta. The sublayer is
seen only one half as thick as that over the solid surface at light




winds, and increases toward the solid-surface value at moderate
winds.

For a given gas under a certain sea state, the transfer
velocity is shown in Eq. [17) to be inversely proportional to the
nondimensional thickness of the viscous sublayer. Consequently,
the ratio between the transfer velocity (Vw) galculated with
£g. [12] and the earlier estimate (vd) with 6, = 11.6 can be
expressed as

+

Vg = 11,676, (18]
and is shown in Fig. 7b. 1In other words, the revised theoretical
valuz is greater than the earlier estimate by a factor of Vw/vd'

The trend of the modification factor shown in Fig. 7b is of
interest in explaining discrepancies between field measurements and
predicted values. The measured rates of gas transfer were pointed
out by Deacon (1981) to exceed the theoretical value by a factor of
two to three at light winds, where the revised theoretical value is
about twice the earlier prediction. The modification factor de-
creases as the wind velocity increases; therefore, the revised
theoretical value has a much more gradual overall variation with
the wind velocity; this is the main feature of field measurements
pointed out by Hasse and Liss (1981). In summary, the field mea-
surements of gas transfer appear to support recent results on the
2queous viscous sublayer.,

4, DISCUSSION

We first discussed the most representative length of wavelets
which constitute the sea-surface roughness. Inasmuch as the rough-
ness is associated prominently with remote sensing of the sea
surface, this therefore provides the basis for evaluating effects
of the surface film through wave damping. Subsequently, we show
that effects of the surface film on roughness length disappear as
the wind velocity increases beyond 7 m s ',

The mean-square slope of both clean and slick sea surfaces
measured by Cox and Munk were reanalyzed. Contrary to common
tninving, the capillary waves contribute insignificantly at low
Zinds < 7 m 8”!'). The waves damped by the [ilm have lengths
falling between 1,73 and 30 cm., Another interesting feature is
that the effects of film on the mean-square slope algo diminish ar
wind velocities wreater than 7 m s~ ',

Finally, all evidence indicates that the aqueous viscousy
3ubLayer oxists immediately below the air-sea interface; it is
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thinner than, and also behaves differently from, that over the
3o0lid surface. Further understanding of the structure of the
viscous sublayer is essential for investigations of the interface

microlayer.
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W THE CHEMICAL COMPOSITION OF THE SEA-SURFACE MICROLAYER AND
’ ITS RELATION TO THE OCCURRENCE AND FORMATION OF NATURAL
; SEA-SURFACE FILMS
P. M. Williams
Institute of Marine Resources, A-018, Scripps Institution

Ry of Oceanography, University of California, San Diego, La
¢ Jolla, California 92093
3
. .
K Introduction

One basic question in relating the effects of the
) sea-surface microlayer to the interpretation of
5 remotely-sensed microwave and optical signatures is the
N chemical composition of the sea-surface microlayer
3 (surface films) and whether or not this composition is
v variable in time and space. That is, are these

compositional changes of sufficient magnitude to
significantly affect the various remote sensing
signatures, or can the sea-surface microlayer effects be
considered isotiopic such that the simple presence or
absence of films and not their compositional changes is
the important factor -- at least in considering
uncontaminated films derived from natural biovlogical

X sources. Obviously, widespread, episodic blooms and/or

y mortality of marine organisms leading to the release of

¥ large quantities of surface active organics (e.g., Lee .nd
, Williams, 1974), significant oil spillage, or widespread
, atmospheric inputs, such as from forest fires or volcanic
! emanations could cause transient effects at the sea
surface which could appreciably affect remote-sensing
sionatures,

The question is: What evidence is there for or

) against major compositional variability in natural
sea-surface f£ilms? In this report, the composition of the
y organic fraction of films, principally the "dissolved plus
» colloidal"” phase, is discussed for original films and for
films generated ipn situ. Some speculations are also
included relevant to the nature of the organic components
and to their conformation in the surface microlayer.

The data presented is derived primarily from five
"surface-film" cruises (1979-1983) to the Gulf of
Cal ifornia, the west coast of Baja California, and ir the
Scuthern California Bight (Figure 1). There was a minimum
of anthropogenic inputs or disturbances in all these areas
during these cruises, and hence the chemistry may be
concidered representative of the "natural" sea-surface
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microlayer. Coastal and open-ocean regimes with eutrophic
and oligotrophic waters were studied as were some diurnai
effects and the presence of an El Nino event.

Chemical and biological data from the first three
cruises (SF-1, SF-2, and SF-3) has been published or is in
press (Williams et al, 1980; Horrigan et al, 198l; Van
Vleet and Williams, 1983; Henrichs and Williams, 1985;
Carlucci et al, 1985; Carlucci et al, 1986; Williams et
al, 1986). The chemical data from cruises SF-4 and SF-5
has not been published. 1In addition to the disscolved and
particulate organic components, these above-cited papers
included measurements of inorganic nutrients, bacterial
and planktonic populations, bacterial heterotrophy,
phytoplankton primary productivity, chlorophyll-a and
phaeopigments, adenosine triphosphate (ATP),
UvV-adsorption, film pressures, and surface potentials,
Some of these parameters are discussed in this paper.

A complete description of the sampling platform,
surface potential apparatus, analytical methodology, and
desriptive data for Cruises SF-1, -2, and -3 can be found
in the references cited above. All film samples were
collected with various stainless steel or Nitex screens
which nominally sampled the upper 220 to 260 + 10 um
(stainless steel) and 300 + 15 um (Nitex) of the surface
microlayer. Subsurface samples were collected in glass
bottles at a depth of 5-15 cm. All samples were
immediately filtered through 35 um pore size Nitex netting
into glass bottles and kept in ice until processing on

shipboard.

Chemical Composition
I. Dissolved protein, carbohydrate and lipid

The content of dissolved plus colloidal (passes a 1.0
Aam pore-size glass fiber filter) protein, (THAA; total
hydrolyzable amino acids), total carbohydrate (TCHO; as
glucose equivalents), and total lipid (TL; as stearic acid
equivalents) in films and subsurface waters (expressed as
carbon) 1is shown in Table 1 and Figures 2 and 3. These
are the three major organic components of all organisms,
but together constitute, on average, only 26% (range =
14-42%) of the total dissclved organic carbon (DOC), while
THAA nitrogen accounts for 23% (range = 7-57%) of the
dissolved organic nitrogen (DON) in films, If humic
substances (fulvic plus humic acids) are included (Figure
3}, then the total "identifiable" carbon is only 43%, on
average, of the DOC. This assumes that the two -1
determinations of humic material (15 and 19 umoles C 1 -,
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Total
27
34
20
26

$ Lipid3
y
1
4
3
3

17
13
13
16

4 Carbohydrate2
21

4 Protein1
6
12
3
6
T
See text.

2

]

(5)
(5)
(4

(1)

Protein, carbohydrate and 1ipid carbon as percent of total dissolved organic carbon.

Mean
to these four stations.

SF-2
SF-3
SF-4
SF~5

4 Includes humic material, assuming its mean concentration (17 umoles C 11) is applicable

! Total hydrolyzable amino acid carbon.
2 Glucose equivalent carbon.
3 Hexane-soluble stearic acid equivalent carbon.

Cruise (no. stations)

Table 1.
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Cruise SF-5) are applicable to the four Samples (Events
503, 518, 522 and 539) used to compile the percent THAA,

Eq TCHO and TL in Table 1. The extraordinarily high DOC
o) content of the film samples 509 and 532 are considered
ﬁx' atypical (see Table 2).
b
o There are large variations in the THAA, TCHO and TL
' contents of both films and subsurface waters and, in
e - general, these three components have higher concentrations
) in films than in the corresponding subsurface waters.
B These large variations are not surprising, considering

that each event represents one film patch sampled on one
particular day on one particular cruise, Ratios of

e TCHO/THAA are consistently greater in subsurface waters,
. and there is a wider range in the concentration of THAA

M4 than of TCHO between film samples, whether from open-ocean
N or coastal waters.
?i

$: These differences in the microlayer and subsurface

‘ water compositions of protein and carbohydrate are

. probably related to differences in the surface activity of
%i polymers containing amino acids and carbohydrates, and to
.4 interactions between surface-active molecules and

e particles (Henrichs and Williams, 1985). Although TCHO

and THAA are positively correlated, this correlation is
not stronger than that of either gquantity to DOC,
indicating no specific association between proteins and

Y carbohydrates (i.e., "proteoglycan" or “glycoprotein®

ol Baier et al, 1974) for the major part of THAA and TCHO.
3: There are negligible amounts of hydrolyzable amino acids
% associated with humic material isolated from bulk surface
% seawater on XAD-2 (styrene-divinylbenzene copolymer)

resins (Bada et al, 1982; Ho et al, 1983), but greater

0 than 50% of the THAA were isolated on Sep-Pak C,
gﬂ. (octadecyl-silica adduct) cartridges (Ho et al, ?983).
$%: Both of these adsorbants will extract "humic-type"
ﬁ materials from seawater provided these materials have

o sufficient hydrophobic character. Short chain

* polysaccharides and polypeptides, per se, are not

% extracted by Sep-Pak Cig oOr XAD-2 resins, yet Sep-Pak C 8
P will remove up to “40% gf the DOC, including >50% of thé
3¢ THAA from bulk surface seawater (Ho et al, 1983; Mills et
5 al, 1982). This suggests that a significant fraction of

the THAA in surface seawater is not simple protein, b.t
consists of polypeptides attached to non-polar moieties

i— . (e.g., lipoproteins, glycolipids).

ﬂs The hexane-soluble, dissolved total lipid content of
W both films (Table 1) and subsurface waters (Figures 2 and
" 3) averaged about 4% of the DOC. An additional 1-3%

vt dichloromethane~soluble material (includes pigments and

more polar lipids) was also present in the films (Table 2)
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Mean values from Cruises SF-1,2,3.4,5.
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but was not included in Table 1 and Figures 2 and 3.
Although the lipid content of films is relatively low, it

~ab

ﬁ' may be of sufficient magnitude to influence the physical

?} properties (force-area, surface potential-area isotherms)

oy of natural films. This effect is illustrated in Figure 4,

. where the lowest n-octadecanol to collagen (a
glycoprotein) ratio approximates the upper limit of the

Kh weight percent of lipid carbon relative to the total DOC ;

Q in natural films (Van Vleet and Williams, 1983).

i‘

% Kattner et al (1985) measured dissolved protein

?: (bovine serum albumin equivalents), carbohydrate (glucose

| equivalents) and lipid (total fatty acids) in films and

. subsurface waters (.25, 1 and 5 m) collected in the North

ﬁ' Sea, 3-6 miles from Helgoland. They collected 8 replicate

g samples on one day 197/26/77) from a "non-slicked” area

p .7 - 4.4 mNm *) and 10 and 4 replicate samples on a

P goyd day (07/28/77) in a "slicked” area (Yg¢ = 12-35

M mNm . Kattner et al (1985) used a rotating drum surface

) skimmer to collect samples, and did not measure DOC --
A hence direct comparison of their results with this work is

15 subject to these constraints, plus the fact that their

e measured film pressures in and out of film patches were

o considerably higher than those measured off BRaja

N California and Southein California (0.5-1.5 mNm- ! out of
films and 1.5-12 mNm™+ in films). However, there were

~ important similarities and differences between both
3 studies. The sum of THAA, free amino acid, THCO and TL

X caib (Kattner et al, 1985) vaiied from 35 to 60 umoles C
! versus 10 to 60 umoles C 1 (thli work). Using

i average DOC values of 100 umoles C 1 (this work), the
percentage composition of THAA, THCO and TL (Kattner et
al, 1985) is estimated to be about 20, 20 and 5%,

a respectively, for the "non-slicked" samples; and 20, 30

;: and 5%, respectively, for the "slicked" areas, resulting
" in the identification of about 50% of the organic

am components by classes (compared to 2?% for this work). A

) DOC concentration of 200 umoles C 1 would obviously

0 result in similar percent compositions for both studies.

W Kattner et al (1985) also found that THAA nitrogen

s averaged 24% of the total DON {(compared to 23%, this

At work). The most significant results from Kattner et al

lﬁ (1985) are the near constant THCO contents of replicate

Lt film samples at each site, higher ratios of THAA to THCO

. in all samples compared to this work, and only slightly

W elevated concentrations of THAA plus THCO plus TL in the

"slicked" versus the "non-slicked" areas. Thus, the
results of Kattner et al (1985) give evidence for

o uniformity in the chemical composition of replicate film
wh samples taken over a period of several hours in one area
versus the much wider scatter in composition for discrete
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Figure 4. Surface potential (AV_) and film pressure (y., inset) vs.
slider reading (cm) for varying 3mounts of n-octadecanof mixed with
4.7 x 10-% umoles of collagen. Molar ratios, weight ratios and weight
percent of octadecanol are, respectively: curve 1 = pure octadecanol;
curve 2 = 390, 0. 2, 45; curve 3 = 195, 0.41, 22.5; curve 4 = 39,
0.082, 4.5; curve 5 = pure collagen. Dashed lines at high compression
(inset) indicate that the film broke at these points. Compression
) curves were run in the order 1, 5, 4, 3, 2 on the same UV-irradiated,
: organic carbon-free seawater samples scraped clean between runs, and
are corrected for blank values taken before each run. High initial
AVs values at 40 cm for curves 2, 3, and 4 are due to formation of
protein "films" from "soluble" collagen components between runs.
Taken from Van Vleet and Williams (1983).
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samples taken under diverse conditions as reported in this
R paper.

The average dissolved lipid content (as the sum of
fatty acids) measured by Kattner et al (1985) was 5% i
(compared to 4% from this work for hexane soluble total
dissolved lipid, presumed to be composed primarily of
fatty acids). In addition, Kattner and Brockman (1978) -
and Kattner et al (1983) have described the fatty acid
composition of lipid material extracted from films and
subsurface waters. The principle dissolved fatty acids in
! both films and subsurface waters were the saturated,

myristic, palmitic and stearic acids, and the

' monounsaturated, palmitoleic and oleic acids (see also
Marty and Saliot, 1974; and Marty et al, 1979) These are
» the main saturated and monounsaturated fatty acids derived
» from marine organisms and dissolved in bulk seawater
! (Williams, 1965; Kattner g; al, 1983). The
polyunsaturated C C, and C fatty acids present
\ in marine organis&g w1}§ be gxldizea rapidly by
3 photochemical reactions, and hence will have short
. half-lives in the surface microlayer.

R . e I,

-
oy

II. Particulate protein carbohydrate and lipid

This will not be discussed in any detail (see
wWilliams et al, 1986). A carbon balance for POC in films
and the corresponding subsurface waters is depicted in
Figure 5 for Cruises SF-2 and -3 (Williams et al, 1986).
The sum of particulate (>1 um in diameter) THAA, THCO and
b TL carbon accounted for, on average, 50% (15-114%), and

microplankton plus bacterial carbon 16% £ the total POC,

2 a2 T a_a

" whereas particulate THAA nitrogen averaged 30% of the

@; total PON. These high fractions of unidentified

o constituents in the PON of many film and subsurface water
o samples is perplexing, since up to 100% of the PON in

¢ suspended particles collected throughout the water column
of f Southern California was derived from amino acid
nitrogen (Siezen and Magque, 1978). Particle formation in
films by aggregation and photochemically-induced
polymerization of DON components may be a major source of
this unidentified material.

P
i N A St Y

The effects of increased biological activity in
surface waters on the overall physical characteristics and
chemical composition of surface films, as deduced from
THAA, THCO and TL compositions, is not as significant as
might be expected. At several stations off Baja
California, the open-ocean films in oligotrophic waters
s were richer in proteins and carbohydrate-containing

organic matter than films collected in eutrophic coastal
o waters. Some chemical and biological properties of films
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from Cruises SF-1 through SF-5 are summarized in Table 2.
These cruises encompassed highly eutrophic (SF-1),
moderately eutrophic (SF-2,-3), mesotrophic (SF-4), and
near oligotrophic (SF-5, El Nino conditions) coastal
waters, and oligotrophic (SF-2,-3,-5) "open-ocean" waters.
Between the open-ocean and coastal regimes the main
differences (Table 2) were slower turnover times of amino
acids, reduced primary productivity and lower
chlorophyll-a concentrations in the open-ocean films.
Total dissolved organi~ carbon and nitrogen do not
necessarily reflect biological activity in the underlying
waters, and, in fact, DOC is not significantly correlated
with any other parameter (Williams et al, 1986). 1In
effect, the chemical character of natural sea surface
films is pretty much the same in coastal and open ocean
areas when considering the major organic constituents at a
non-molecular level. This suggests that there is a
ubiquitous, background concentration of relatively
refractory, surface active, organic compounds in the
surface microlayer upon which is superimposed varying
amounts of labile constituents derived from dynamic
biological processes occurring in the underlying water or
in the microlayer itself. Thus, the organic composition
of the surface microlayer reflects past biological
histories of moving water masses combined with local
biclogical events.

III. Amino acid composition

Compositional differences in dissolved free amino
acids (FAA), dissolved THAA, and particulate hydrolyzable
amino acids (PAA) could reflect such microlayer processes
as fractionation of proteinaceous compounds between films
and the subsurface waters, specific bacterial
heterotrophic degradation reactions, excretion of FAA by
surface microplankton, and exchange rates of surface
active proteins or polypeptide-containing compounds
between films and the underlying water, Figures 6 and 7
depict the mole fractions of the major amino acids
identified in the dissolved and particulate organic
components of films and the corresponding 5-10 cm
subsurface waters (Cruises S§F-2,-3,-5). The analytical
procedures are described in Henrichs and Williams (1985)
and Williams et al (1986). The amino acids proline and
hydroxyproline are not analyzed by this technique; lysine
and ornithine are not included dve to erratic analytical
precision; and glutamine, asparagine, histidine and
trypotophane are destroyed during acio hycrolysis
(therefore not present in THAA results) and were not
included with the FAA.
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The dissolved (<1.0 um) THAA composition of all

surface film and subsurface water samples was similar
(Cruises SF-2,-3,-5), despite concentration ranges of more
than an order of magnitude (Figures 6A and 7A). There was
relatively less glutamic acid and more B-alanine + taurine

. in the SF-5 samples, possibly from the enzymatic
decarboxylation of glutamic acid to give B-alanine. This
similarity in THAA indicates no major ip situ

- contributions to the microlayer of THAA with unique amino
acid compositions (e.g., bacterial cell walls high in
glutamic acid), or significant fractionation of
surface-active organic compounds having dissimilar
polypeptide components between subsurface waters and the
microlayer. The results (as expected) support a common,
ubiquitous source of THAA to the microlayer, regardless of
location or the level of biological activity in the
underlying water.

The molar composition of the FAA (Figures 6B and 7B)
showed differences between cruises, between films and
subsurface waters, and between samples (individual points
on the figures). There was a very high mole percent of
free glycine + threonine in subsurface waters on Cruise
SF-5, which was not found in either the THAA or the
particulate amino acids (PAA). Conversely, on Cruise
SF-3, the mole percent of free glycine + threonine was low
in films and subsurface waters compared to its molar
composition in THAA. Reasons for these differences are
not known, but could be related to phytoplankton excretion
of soluble metabolites (diatoms were predominant in
surface waters during the El Nifio conditions on Cruise
SF-5; dinoflagellates on Cruises SF-2 and -3). There was
also considerable scatter in the values for glutamic acid,
serine and aspartic acid for Cruise SF-5 (Figure 7B),
primarily a result of wide scatter in the molar
percentages of these three FAA in the films. For Cruise
SF-3 (Figure 6B), the mole percent of free aspartic acid
and serine were lower and glutamic acid higher than in the
THAA, and there were no obvious variations in molar
composition between films and subsurface waters. These
diverse results for FAA compositions are essentially
signatures of various biochemical processes taking place
in the films and subsurface waters (e.g., bacterial
heterotrophy, enzymatic hydrolysis of THAA, excretions
from living and lysed organisms).

The molar composition of PAA (<35 um; >1.0 um) shows
remarkably little variation betwen films and subsurface
waters or between samples (Figqure 7A, Crulse SF-5),
especially considering the significant and diverse
bacterial and microplankton contributions to both films
and subsurface waters. Although there are several
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differences in the molar compcsitions of THAA and PAA,
mainly a higher mole percent of glutamic acid and a
corresponding lower perceniage of B-alanine + taurine in
the PAA, these two amino acid pools reflect the overall
uniformity in the composition of the major combined amino
acids in all marine organisms,

A close correspondence between the THAA composition .
of original films and new films generated ip situy onto a
film-free surface is shown in Figure 8A. These new films
were generated in the film containment tube described
below by removing the original film with screens, allowing
new films to form over a 1 to 5 minute waiting period, and
sampling again with screens. Figure 8B represents one
such experiment, depicting strip chart tracings (from the
HPLC amino acid analyzer) for THAA in an original and
newly-formed film. There was a lower total concentration
of THAA in the new film, but its specific amino acid and
molar composition was nearly identical to the original
film. The corresponding FAA compositions (Figure 8A)
showed considerable scatter in the mole percentages of
glutamic acid, serine, glycine + threonine, and a large
molar fraction of f-alanine + taurine -- not unlike the
FAA compositions in Figure 6B and 7B.

These film-formation experiments showed that the
hydrolyzable amino acid components of original and
newly-formed films were essentially identical, but did not
give any clues to the surfactant nature or structure of
the actual compounds involved.

In situ surface potentials, film pressures, and film
: : T

The surface potential (V_ or 4V_, measured in terms
of Volta potentials, Gaines, f966) of an organic monolayer
is defined, for our purposes, as the difference in the
measured potential between a "clean"™ seawater surface and
the same seawater surface covered (or partially covered)
by an organic film. If an insoluble monolayer with a
permanent dipole is spread on seawater, then the potential
: difference at the interface will be a resultant of the
- average dipole moment of the monolayer and electrostatic
interactions of ionized film molecules with the cations
and anions in seawater. For example, V_ values for
. monomolecular films of n-octadecanol, n-octadecanoic acid,
o and n-octadecane spread on organic carbon-free seawater at
X pH 8.2 and measured as noncompressed, close-packed
monolayers are 338, -5 and 0 millivolts, respectively (Van
Vleet and Williams, 1983). Natural organic sea-surface
films may or may not exist as monolayers and are composed
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of mixtures of complex, unidentified molecules. Thus, Vg
measurements are useful primarily for detecting the
presence or absence of films, following their formation,
alteration and disappearance, and relating various “types"
of films to specific physical, chemical and biological
parameters.

Surface film pressure (Y.) is defined as being equal
to the difference_}n surface Eension between "clean"
seawater (~73 mNm ~) and seawater covered (or partially
covered) by an organic film.

In sity surface potentials were measured using an
241Am ionizing electrode coupled with a Ag-AgCl reference
electrode, and film pressures using spreading oils (see
Williams et al, 1980, 1986 and references therein). Note
that V_ measurements are approximately 10 times more
sensitive than the corresponding Yg¢ values in detecting
the presence of organic films. V_Tmeasurements were made
from an electric motor-driven cat&maran using either a
teflon-coated, 48 cm diameter (ID) innertube (SF-2,-3,-4)
or a 75 x 60 cm open-ended wooden box (SF-1) as floating
film-containment devices (Williams et gl, 1980, 1982,
1986). The corresponding Y, measurements were made using
the wooden toothpick-piston oil technique of Barger et al
(1974) such that the piston oils did not impact the Vg
measurements.

V. values for coastal and open-ocean films measured
at 36 Tocations (Cruises SF-1 through SF-4) varied from
-10 to 635 mv with most values falling between 200 and 400
mv (the value of -10 mv was measured during a bloom of
pelagic crabs and may be a result of excreted saturated
fatty acids). These potentials encompass V_ values
determined in the laboratory for known biolggical
compounds (lipids, proteins, polysaccharides, humic-type
material; Jarvis et al, 1967; van Vleet and Williams,
1983) and natural sea-surface films (Jarvis et al, 1967;
Jarvis, 1967) spread on seawater. A plot of Vs versus Yf
for 25 ip situ measurements (Figure 9), where V_ and Y
were considered to represent the same film patcﬁ, show

considerable scatter. The regression of V_ on Y. is
significant (r = 0.66) only if the three V_ values >500 mv
are excluded -- with no justification, how&ver. It is

obviously impossible to infer the chemical composition of
natural films on the basis of their V_ and Y. values, but
changes observed in V_ from one locatlon to another and in
repetitive measuremenfs within the same film patch suggest
that film composition is not necessarily isotropic and
that film "thickness" is not the sole factor in
determining the ip gsitu variability of Vg
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T Y = g

The difficulties involved in using film-containment
devices (*film-in-a-box" problem) to obtain V_ values
representative of the true surface potentials are evident
from tracings of the original strip chart records (Figure
10). These tracings show wide, periodic fluctations in Vg .
for the original jin gitu films, presumably due to
compression and dilation of the trapped films.
Non-fluctuating baselines were only found in very heavy .
slicks (kelp beds, tidal convergences, protected bays,
etc.), or with newly-formed films.

Representative film-formation experiments are also
depicted in Figure 10 (see also Williams et al, 1980).
The original trapped films were removed with paper towels
(SF-1) or a circular screen (SF-2,-3) and V_ values for
newly-formed films measured after standing and, in several
cases, subsequently bubbling 19 cm pflow the surface with
organic carbon-free air (35 cm” min -, bubble diameters =
0.3 mm at the frit).

minutes after cleaning were 2-50 times greater than those
measured from 2 minutes on. This can be seen graphically
in Fig. 10 (Events 237-A and 225-A). 1In fact, even faster
formation rates must occur during the initial 10-15
seconds it takes to deploy the electrode after cleaning
the surface. The final V_ attained after the initial
L cleaning and waiting for 5-16 minutes was equal to or 10
- mV less than the original baseline Vs in only three runs.
) It is apparent from Fig. 10 that the original, baseline Vg
’ values are slowly approached with time in some cases
(Events 237-A, 225-Aa and 6-SB), while in other cases
(Events 109-A and 118-A), there ares no measurable
0 increases in v_., at least during the initial 3-4 minutes.
Whether or not baseline V_ values would ever be attained
during longer waiting perfcds is not known.
Re-establishment of the original jin situ film with its
microplanktonic, bacterial and detrital organic components
and atmospheric inputs cannot take place in a trapped film

Fi Film-formation rates measured during the first 2
’
2
P
<
v

2o

g over short time intervals (<1 hour), and there is no
e contribution from adjacent films spreading over the
g freshly cleaned surface when using the film~containment
Y. devices. The principal source of organic matter in these -
. newly formed films (in the absence of bubble transport) is
dissolved (and colloidal) surface active material in the
g subsurface waters being carried to the interface by eddy
> diffusion.
‘¢

N

Bubbling tended to increase V_ values above those
obtained by standing. V_. after bugbling during Event 6-SB
increased to approximatefy the same value as that of the
original film, but increased only slightly during Event
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Figure 10. Transcriptions of strip chart records of in situ surface
potential (Vg) measurements; including the corresponding surface
film pressures (vg). The tracings on the left part of each record
are for the original, in situ films. C = cleaned with paper towels
(T) or a metal screen (3) where X is the number of replicate
cleanings. B = bubbling. Taken from Williams et al. (1986) .
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118-A. Selective bubble scavenging of organic components
having low Vs values could account for this latter result.

A summary of film-formation rates obtained under
quiescent conditions (no bubbling), compiled from
laboratory experiments using a Langmuir trough or 72 1
aquarium (Van Vleet and Williams, 1983), and from ipn situ
measurements with trapped films (SF-1,-2,-3,-4) are
plotted in Figure 11. This plot illustrates the wide
diversity of the in situ film formation rates.

Jarvis (1967) observed that V_ increased 30-120 mV
when discrete samples of surface (5-10 cm) seawater from
the Bay of Panama were bubbled for 30 minutes at rates of
26-200 bubbles min (bubbles approximately 6 mm in
diameter were generated from untreated ambient air).

These V_ increases are of the same order as reported here,
in othef jpn situ samples (Williams et al, 1980), and in
discrete samples of SIO Pier seawater (Van Vleet and
Williams, 1983)., Direct comparisons, however, between V
results from jipn gitu and discrete sample experiments are
not necessarily justified since there is a greater volume
of seawater potentially available for bubble scavenging
during jin situ measurements where, in addition, turbulent ‘
mixing occurs.

These in sity film formation experiments show that
new films are formed relatively rapidly in eutrophic
coastal waters and more slowly in oligotrophic, open-ocean
waters. Judging solely from surface potential
measurements, the newly formed films may or may not attain
potentials equal to those of the original films. Even
considering the constraints associated with
"film~in-a-box"™ measurements, it is clear that film-free
surfaces in the ocean do not exist except during elevated
sea states, and that new films will form in a matter of
seconds to minutes where original films have been blown
away. ‘

. .

It has been pointed out (Hunter and Liss, 1981;
williams et al., 1986) that the average amount of "excess"
dissolved organic matter in a 250 um thick surface film
relative to the concentration of dissolved organic matter
in the corresponding subsurface water is usually
insufficient to form an unbroken monomolecular film (e.q.,
stearic acid or albumin) if distributed isotropically on
the surface. Assuming a mean_inrichment of DOC Lgilm
minus 10 cm) of 36 umoles C 1 or 36 mmoles C m
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Figure 11. Film formation rates, K (mV-min'l) vs. formation times
(min). Langmuir trough and aquarium points represent films formed
from a clean (wiped) surface after standing undisturbed (no
mechanical stirring or bubbling). Seawater was collected from
Scripps Institution of Qceanography pier and transferred directly

to trough or aquarium (see Van Vleet and Williams, 1983). In situ -
(ocean) experiments were performed as described by Williams et al. Y
(1980; 1986), and represent data from Cruises SF-1, -2, -3, -4. ¢
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(Cruises SF-2 and -3; Williams et al., 1986), and a film
thicggess of 250 _ym, then the surface ”excesgg of DOC is 9
x 10 mmole C m or 108 ug C m (250 x 10 times 36).

-This excess surface DOC, if it were composed entirely of

stearic acid or albumin, would cover 7 or 22% of the
surface, where monomolecular films of stearic_icid and
albumin are equivalent to 1600 and 500 ug C m °,
respectively {(Williams, 1965).

Natural monolayers, however, are not necessarily
mimicked by stearic acid or albumin. Tliey are composed of
heterogeneous mixtures of surface active compounds whose
steric and electrostatic properties may widely differ,
resulting in multi-component molecular films having
dynamic conformations at the interface. Compaction of
scattered monomolecular filam patches by wind or their
generation along convergences (Langmuir cells, internal
waves, wakes) will form visible slicks which must include
mono- and polymolecular films and associated, thicker
microlayers containing "excess" dissolved organic
molecules. Within this system, there must also be
continuous exchange (sorption and desorption) of surface
active organic molecules between the two layers, as well
as conformational changes in the monolayer due to the
folding and unfolding of long chain molecules. This is a
dynamic situation at the interface where monolayers are
forming and dispersing, and surface active organic
molecules are entering and leaving the microenvironment.
Conceivably, an interrupted or non-continuous monolayer
could produce an apparently uniform ¥“slick" by cumulative
capillary wave damping.

We have seen that combined amino acids, sugars and
fatty acids constitute about 30% of the dissolved organic
carbon in the microlayer, humic-type condensates perhaps
another 20%, with the remainder completely unknown. Few
measurements exist for divining the molecular properties
of these unknown compounds; i.e., molecular weights or
sizes, conformation at the interface, or interactions with
water molecules and dissolved ions,

Barger and Means (1985) have estimated molecular
weights and coefficients of compressibility of natural
film components by modeling films as two-dimensional gases
using force-area isotherms measured on films collected in
the Atlantic Ocean and Chesapeake Bay. Using a modified
van der Waals equation of state and coefficients
determined from force-area isotherms of known compounds,
they estimated molecular weights ranging from 1800 + 700
(Atlantic screen samples) to 2300 + 900 (Chesapeake Bay
screen samples) with values as high as 3700 + 1200 in
Atlantic deep water, In comparison, ultrafiltration of
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dissolved organic carbon (Carlson, 1985) in surface
seawater from the Gulf of Maine and North At’antic gave
the following "molecular weight® distribut.ons of DOC; 66%
<1000 and 34% >1000, with 6% >30,000 and 1Y >100,000.

Barger and Means (1985) also postulated structural
criteria for film components which would satisfy their
force-area isotherms. These contain large oxygenated
hydrophilic head groups and long hydrophilic tails (e.g.,
sucrose monomyristate and polyoxyethylene dodecanol).

These criteria (big heads and small tails) characterize many
naturally-occurring lipoproteins, lipopeclysaccharides,
glycoproteins, proteoglycans and glycolipids, all of which
should be present in the microlayer at one time or another.
Marine humic substances have been assigned many hypothetical
structures, including condensates of amino acids/sugars/lipids
(Gagosian and Stuermer, 1977) and photochemically-oxidized
triglycerides (Harvey and Boran, 1985). The point is that
naturally-occurring lipoprotein~ and lipopolysaccharide-type
compounds, and/or unbonded (free) lipids probably determine
the basic physical-chemical characteristics of surface
monoclayers (force-area, potential-area isotherms), with the
"humic” substances, other unidentified condensates, and low
molecular weight, polar compounds constituting the bulk of
the more soluble organic compounds within the microlayer,
This makes it imperative to obtain analytical data for the
various lipid classes (phospholipids, wax esters,
triglycerides, hydrocarbons, free fatty acids) and their
oxidation products in both films and subsurface waters.

Attractive interacticns between constituent molecules
in sea surface monclayers, and between these molecules and
the associated water molecules in the micrclayer include
long range “"hydrophilic interactions" between non-polar
groups (Israelachvili and Pashley, 1982), van der Waals
dispersion forces, and hydrogen-bonding. 1Ice-like,
clathrate water structures induced by polarization from
monomolecular films have been postulated by Alpers gt al.
(1982), Buhnerfuss and Alpers (1983) and Huhnerfuss et al.
(1984) to explain an anomalous dispersion regime at 1.43
GHz in airborne microwave radiometer measurements. These
clathrate structures were calculated to be <190 um in
thickness from in sify experiments with oleyl alcohol
monolayers spread on seawater, and were implicated in wave
damping oy known monomolecular films. Thick, crude-oil
films (nonpolar) on the ocran do not give this 1.43 GHz
signature (Hithnerfuss et al., 1986). It is not clear,
however, what microwave signatures would be observed for
natural sea slicks.
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Summary

1. The molecular structure of the organic components
of sea-surface films is virtually unknown. On average,
only 26% of the total dissolved, and 50% of the total
particulate organic carbon can be attributed to
carbohydrate-, amino acid- cr fatty acid-containing
compounds.

2. Striking changes in the gross chemical composition
of natural films and the corresponding subsurface waters
are not observed between coastal, eutrophic waters and
open-ocean, oligotrophic regimes. This implies a
ubiquitous source of organic film constituents, derived
from both past and current biological events occurring in
the water column.

3. New films form rapidly from subsurface waters when
the original films are removed. The amino acid composition
of both the new films and original ones are nearly
identical. This identity, however, gives no clues to the
molecular structures of the surface-active compounds
involved.

4. Excess organic matter in the microlayer relative
to its concentration in subsurface waters is normally
insufficient to form continuous, ordered, monomolecular
films at the surface. Visible slicks result from
compaction of scattered monomolecular film patches by wind
and tides, from compression of surface active organic
matter along convergences and from the cumulative effects
of an anisotropic monolayer inhibiting capillary wave
formation.
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THE CHEMISTRY OF NEAR-SURFACE SEAWATER

Peter S. Liss

School of Environmental Sciences
University of East Anglia
Norwich, NR4 7TJ, U.K.

ABSTRACT

The top few hundred micrometres of the sea (often
called the surface microlayer) is a difficult part of
the oceans to study. The depth of the region is
almost impossible to define in a meaningful way, and
microlayer thicknesses are by default specified in
terms of what the various sampling devices appear to
collect. The organic composition of the microlayer
is poorly characterized and its study suffers from
similar problems to analogous work in bulk seawater.
Some dissolved constituents in the microlayer appear
to show small enrichments in concentration over
subsurface waters, although such enrichments now seem
smaller than was previously thought to be the case.
Particulate material, on the other hand, does show
significant microlayer enrichments.

INTRODUCTION

Although near-surface waters are acknowledged to
be a very important zone with respect to chemical
processes in the oceans, the chemistry of these waters
has received rather little discussion. For this and
other reasons discussed later, our knowledge in this
area is still somewhat rudimentary. In the present
account some aspects of the topic will be discussed.
No attempt has been made to be comprehensive: several
review papers have appeared in recent years ot whicn
the most relevant in the present context include those
by MaclIntyre (1974a,b), Liss (1975), Wangersky (1976),
Hunter and Liss (1981), Hardy (1982), and Lion (1984).
Topics are dealt with in the form of questions. This
correctly implies that subjects selected tor inclusion
are ones for which signlflcdnt uncertainties still
exists.,

&
An extended version of this paper will appear 1in

Dynamic Processes in the Chemistry of the Upper Ocean
(ed. by J.D. Burton et al.), Pleoum, 1986,
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HOW THICK IS THE SEA SURFACE REGION?

The answer to this question is about as 1ndefinite
as that to the query "How long is a piece of string™”
[f vne is dealing with such phenomena as 1ion
rejection, interfacial double layers, or true
monplayers the answer is several nanometres. However,
for the oceanographically important processes of,
for example, gas exchange or heat conduction then
about 100 um is probably the relevant thickness.

These very different depth scales are elegantly
illustrated in Fig. 1, which is taken from Maclntyre
(1974a). It should be noted that in Fig. 1 the
vertical axis 1s logarithmic and, as Maclntyre points
out, continuing the depth scale to include the deepest
ocean trenches would extend it by less than a factor of
two. He remarks that in terms of processes the sea
surface region may prove as rich a field for research
as the deeper half of the "logarithmic" ocean.

Thus, the only answer to the question posed above
is that i1t depends on the properties one is interested
in. Since this chapter is about the chemistry of
near-surface seawater, here it is the thickness of
water required in order to obtain chemical information.
Obviously, chemists would like to be able to analyse
material from as near the interface as possible.
However, the most widely used samplers collect matevial
down to depths of tens to hundreds of micrometres from
the surface, so that most of the presently available
information on chemical composition is for this
thickness of the sea surface. The term 'sea surface
microlayer' is often used to describe samples harvested
in this depth range. There are two sampling techniques
which appear to collect thinner layers, but their
utility is rather limited. These, together with the
more conventional "microlayer"” samplers, are discussed
in the next section.

HOW IS THE SEA-SURFACE REGION SAMPLED?

The first practical device for sampling the sean
surface microlayer was devised by Garrett (1969%). Tt
consists of a mesh screen of metal or plastic wires
to which the near-surface water adheres and is drained
into a sample bottle for subsequent chemical analystis.
With this type of device the top 100-300 uym are .
collected, and reasonably large volumes of water

(hundreds of millilitres) can be harvested. Garrett
screens have proved the most popular of the microlayer
samplers so far invented. Other devices, collecting
similar thicknesses and volumes, which have been found
> useful include a rotating ceramic drum (Harvey, 19bt)
L. and a glass plate (harvey and Burzell, 1972). Since
e they can harvest reasonably large volumes, sophisticated
:t: chemical analysis of the water is possible, and these
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"microlayer"” samples have so far been the mainstay
of research into the chemical composition of near-
surface seawater.

A cryogenic device, in which a slice of water
about 1 mm thick is frozen onto a flat place
collector cooled with liquid nitrogen, has been
described by Hamilton and Clifton (1979). Although
not widely used, it has found application for the
collection of microlayer samples for dissolved
trace gas analysis (Turner and Liss, 1985). Clearlv,
more conventional samplers in which the water is
exposed to the atmosphere after collection are
unsatisfactory for this type of work.

Layers nominally substantially thinner than those
harvested by the samplers described above have heen
obtained by collecting the aerosol formed when
artificially-produced bubbles burst at the sea surface.
The bubble acts as a microtome and is thought tu peecl
off a layer from the sea surface whose thickness 1is
0.05% of the diameter of the bursting bubble
(MacIntvre, 1968). For a 1 mm bubble this correspondes
to a "cut" of approximately 0.5 um; i.e. two orders
of magnitude thinner than can be achieved with the
more traditional "microlayer" samplers. A practical
realisation of this idea has been described by Fasching
et al. (1974) and is called by them a Bubble Intertacial
Microlayer Sampler (BIMS). With this device 1t 1s
possible to collect tens of millilitres of water, so
that quite detailed chemical analysis is possible.

The device does suffer from a number of problems,
including the need to deploy it under ouly the calmest
of sea states, and high blanks (measured with the bubbler
switched "off") particularly in the analvsis of trace
substances. More fundamental problems arise since the
bubbles scavenge material from the subsurface watern
during their rise to the interface, and from the
possibility of fractionation occurring during the

actual bursting process. All in all, it would scem

that the BIMS is more likely to successfully mimic and
collect naturally produced marine aerosol then to sample
an undisturbed slice of the order of | um thickness

from the sea surface.

The sampling device which appears to harvest the
thinnest layers is the germanium prism described by
Baier et al. (1974). This relies on the traditionaul
Langmuir and Blodgett technique of using a hydrophilic
material to collect monolayers from water surtaces,
The thickness sampled appears to be approximately 33U nm
when the collected material is in the drv state. It
has been argued by Hunter and Liss (1981) that in the
wet state (as at the sea surface) the material will hbe
considerably expanded, possibly reaching dimensions o
up to 1 um. With such thin layers and considering
the small dimensions of the sampling prism, it 13
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inevitable that only very small sample volumes are
collected, so that the analysis which can be
performed is strictly limited. In fact, by making
the prism of germanium it is possible to obtain
infra-red spectra of the adsorbed material directly,
and this allows some of the major organic functional
groups to be identified.

Further details of the samplers discussed above,
as well as others not mentioned, are to be found in
several of the reviews listed in the Introduction to
this paper. An article specifically devoted to sea
surface samplers is that by Garrett and Duce (1980).

WHAT IS THE ORGANIC CHEMICAL COMPOSITION OF MATERIAL
FROM NEAR THE SEA SURFACE? l

In early work only lipid-type material was
analysed (Garrett, 1967), so that it was widely
accepted that the organic matter in the microlayer
was largely "dry" surfactants (straight chain largely
saturated hydrocarbons with a hydrophilic head group).
By straightforward mass balance arguments it can be
shown that lipids represent, at the most, only 107
of the total organic matter (Liss, 1975).

. .

Infra-red analysis of the thinner layers
harvested by the germanium prism technique indicates
the presence of mainly polysaccharide and polypeptide
chains, fixed to the sea surface by occasional
hydrophobic functional groups {(Baier et al., 1974},
Material of this type is often referred to as "wet"
surfactant.

The past decade has seen little further fundamental
advance in our knowledge of the organic chemistry of
the sea surface. Characterisation of this material is
at least as difficult as the analogous problem in bulk
seawater, indeed there are many reasons for thinking
that the organic material in the microlayer and the
bulk water organics are rather similar in nature. For
many vears considerable efforts have been made to
elucidate the organic chemistryv of subsurface seawater,
but these studies have only recently begun to vield
informatinn on possible pathways to the formation of
marine humic materials as well as to its structure

L

)

<
(Harvey et al., 1983). Much of this work is likely to ]
he direstly applicable to similar studies of microlaver F
Saryanics, so that significant steps forward can he j
expected 1n the near future,
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SEAOSURKFACE MTCROLAYER?

Varly studies o!f the sea surface maoreiaver scemed
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to indicate that, relative to bulk seawater, it was
enriched substantially with respect to many components,
e.g. total dissolved and particulate organics,

bacteria and other microorganisms, pesticides and PCBs,
trace metals, and plant nutrients (Liss, 1975).
However, this assessment was based on very few

analyses and, as more data have become available, the
range of enriched substances and their degree of
enrichment have both decreased. For example, Chapman
and Liss (1981) found little or no significant
microlayer enrichment for any of the plant nutrients

in a range of samples collected in U.K. coastal waters
These authors suggested that the apparent enrichments
of nutrients found by others may have been due to
depleted concentrations in the subsurface, relative

to the microlayer, water rather than true microlayer

enrichments. Carlson (1983) has compiled measurements
of dissolved organic carbon (DOC) in microlayer and
bulk seawater and these are shown in Fig. 2. Most

points plot close to the 1:1 line indicating that
substantial microlayer enrichment for DOC is the
exception rather than the rule.

Small but significant enrichments for particular

fractions of the total organics are found. For examp'e,
measurements of ultra-violet absorbance, a measure of
phenolic compounds, all plot ahove the 1:1 line, as
shown in Fig. 3. Furthermore, for this particular

class of compounds there is a clear relationship
betwen degrees of enrichment and the presence or
absence of visible slicks on the surface (Carlson,
19x2 ).

Dne of tiue clearest examples of microlayer
enrichment ts= shown bv particuiate organic carbon (POC).
Carlson (1983) summarises data he has collected from
estuuarine, coastal and vceanic regions (his Table 1)
and 1n al! cases the microlaver 1s enriched in POC,
the extent ot the enrichment (ratio of microlaver to
bulk sea-water concentrations) varying from 1.36 to
38.4. A plausible case can be made for the idea that
the reason why POC alwavs shows microlayer enrichment
whereas DOC generally does not is that the surface
active fraction of the DOC in bulk seawater achieves a
lowering of its {ree energy by adsorbing onto
particulate material. The particles are scavenged by
bubbles and transported to the sea surface by them; the
adsorbed surface-active organic matter then helps the
particles  to remain in the microlayer
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of bulk seawater are from waters of salinity >33Q%o.. -
Clean surfaces; © - Slicked surfaces. Several slicked
surfaces had absorbances >0.50.
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1. Introduction

In the years 1975 and 1979, two large-scale international
experiments with well-defined man-made monomolecular sea slicks

1-10) | The investigations aimed

were performed on the N rth Sea
at finding a correlation between the molecular structure of the
surface films and their influence on water waves and on the sig-
nals of various active and passive remote sensors. It turned
out that the data obtained during these two experiments could
only be interpreted by assuming strong interactions between the

9)

surface film and the adjacent water layer”’. However, in spite
of this insight it was not yet possible to reach the ambitious
goal of finding a correlation between the molecular structure
of the film molecules and their influence on water waves and
on the electromagnetic signals of remote sensors. This problem
could only be solved after having performed very extensive
laboratory measurements including surface viscosity, surface

potential, relaxation, phase shift, and wind-wave-tunnel measure-

ments.

In this paper, these recent and parcly unpublished laboratory
measurements will be reviewed. The impotance of these results
for interpreting wave damping by sea slicks will be discussed
briefly. The modification of the signals of remote sensors by

sea slicks will be reported by Alpers and Hiuhnerfuss separately.
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Z. The interaction between the monolayer and the vicinal

water 1axer

In the first part of this paper, experimental evidence will
be presented which supports the hypothesis that strong inter-
actions between the monclayer and the adjacent water layer

("viciral water layer") occur.

11-13)

The surface viscosity measurements have been performed by
means of the canal method which has been discribed in a recent

1)

paper by Hihnerfuss ‘. The main conclusion to be drawn from

these measurements are as following:

a.) as shown in Table I, the surface viscosity increases with
increasing chain length in the homologous series dodecanol,
tetradecanol, hexadecanol and octadecanol. This result is in
line with the hypothesis that the degree of hydrogen-bond
formation strictly depends on the hydrophobicity of the film
molecules and increases with increasing alkyl chain length,

which implies a corresponding increase in viscosity within

3 this layer.
:4
i Furthermore, an optimum interaction between the hydrophobic

alkyl chains of the film-forming substance appears to be vital
for an optimum interaction between surface film and water. In
line with this hypothesis, the sterically hindered oleyl alcoho!l
surface film exhibits a considerably lower surface viscosity

than the corresponding saturated octadecanol film.
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Table [ : Limiting surface viscosity values of the homologous
saturated long chain alcohol surface films and one
unsaturated oleyl alcohol monolayer after relaxation
having been attained. The data, which were aprroxi-
mated against time and against W = 0.2 c¢cm, were cor-
rected for the area loss, which is caused by rela-
xation effects, according to equation (63) of ref.13),

i.e., no correction term for the drag effect was included

(spreading solvents ethanol and heptane; T = 293 K},
surface pressure difference 20 x 1073 N m'1).
surface viscosity mPa s m
substance ethanol heptane Tit. values
dodecanol 0.033 % 0.003 | 0.028 - J.004 -
tetradecanol 0.420 % 0.130 | 0.140 < 0.040 1.1
hexadecanol 0.560 ¥ 0.210 0.210 - 0.030 0.85*/0.05**
octadecano) 1.08 1 0.22 | 0.210 = 0.090 0.17*
Z-9-octadecen-1-01 | 0.071 - 0.024 - -
("oley) alcohol™)
* torsion pendulum method
** canal method
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b. The surface viscosity values show a distinct spreading
solvent dependence: the general impression is that the long
chain alcohols exhibit significantly lower surface viscosity
values, when heotane is used as spreading solvent. This result
is in line with the assumption that heptane molecules are in-
cluded between the long alcohol alkyl chains thus preventing

the fiim-forming molecules from an optimum interaction, which
must necessarily lead to less intensive hydrophobic interactions

with the adjacent water layer and, consequently, to lower sur-

face viscosities.

In order to investigate the "hypothesis of optimum
hydrophobic interaction” , which is assumed to be the
crucial parameter for surface viscosity, systematic
investigations with various carboxylic acid ester deri-
vatives were performed. Carboxylic acid esters are of
particular interest secause of their widespread occurrence
in natural surface films. Most investigations devoted to
the analysis of biogenic surface films describe the fatty

acid composition of such sea slicks (see e.g.14’15). and

L)‘

o Titerature cited therein).

s

[4 . . .
N In a first set of experiments - and .-bromo-derivatives
L o , | LA
I; of hexadecanoic acid methvi ecter were investizatod

b . .

;n The results are surmartced in Table 11, In conpartson to
>

N

the unsutstitutsd hexadecine i aord methyl estor, the

a8

-hromo-derivative aives rige to a consideorablie storroal

-
o

hindrirnce and, as 1 conceguerce, the surtace vinioiity
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Table II: Limiting surface viscosity values of long chain

carboxylic acid ester derivatives after relaxation

having been attained. The data, which were approxi-

mated against time and against W = 0.2 cm, were

corrected for the area loss, which is caused by

. . . 1
relaxation effects, according to equation (63) of ref. 7,

i.e., no correction term for a drag effect was in-

cluded (spreading solvent ethanol, T = 293 K, sur-

face pressure difference 10 x 1073 N 07! and

15 x 1073 N m-1, respectively).

3)

surface viscosity

mPa s

Ml

substance 10 x 1072 »

im™l 15 x 1072 Bl

'+

hexadecanoic acid methyl ester 0.193

a-Br-hexadecanoic acid methyl ester | 0.0063 Z0.¢007

w-Br-hexadecanoic acid methyl ester | 0.136 0.653 {  -----
................................... e
hexadecanoic acid ethyl ester |  ----- 0.222 % 0.09%
tetradecyl-butyrolacton | = =--=--- 0.921 I 0.2¢08
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value is significantly reduced. The sterical hindrance
of the u-bromo-derivative is not so pronounced compared
to the x-bromo-compound. Hence the surface viscosity of
~-bromo-hexadecanoic acid methyl] ester approaches the
value of the unsubstituted ester, although it remains

sligntly lower.

In conclusion, the above results are in line with the
"hypothesis of optimum hydroohobic interaction” and with
the assumption that the hydrophobic alkyl chain always
induces a more or less pronounced hydrogen-bond for-
mation ("structure former"), which implies an increase
in surface viscosity. However, the role of the hydro-
philic part of surface-active compounds needs some further
investigations: for this reason another set of experi-
ments was performed during which the hydrophobic alkyl
chain was kept constant, while the hydrophilic character
was systematically increased by qradual prolongation of

the ethoxyl-group of ethoxylated hexadecanol13).

«+

The results, which are summarized in Table:ill, show th:
an increasing hydrophilic character appears to lead to
a decrease of the surface viscosity. At first glance,
this effect seems to be astonishinag, because it 1s cone-

rally accopted that increasinag hvdrephilic charactor am-

plics incroasina interaction with adjacont wator molcou'e
However —, thote body -
phalic 1nteractions are, alinouah of hach encray o ants

L oty aad ond on al o

dhe 2. ]




Table III: Limiting surface viscosity values of ethoxylated
hexadecanol derivatives and of an ammonium ccompcund
after relaxation having been attained. The data,
which were approximated against time and against
W = 0.2 cm, were corrected for the area loss, which
is caused by relaxation effects, according to ecua-
tion (63) of ref.13),1.e., no correction for a drag

effect was included (spreading solvent ethanol,

T = 293 K, surface pressure difference 20 x 1973
N m-l).
surf, viscosity 'mPa s m
substance 20 x 1073 N m”

hexadecano] 0.560 & 9.210
mono-{ethylenglycol)-mono-hexadecyvl ether 0.196 - 2.001
di-{ethylenglycol)-mono-hexadecyl ether 0.051 £ 0.918
tri-{ethylenglycol)-mono-hexadecyl ether 0.043 2 0.012
hexadecyl-tri-methyl ammonium bromide 0.045 * 2.003
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short range character. In contrast to this short range effect
hydrophobic interactions are assumed to be of long-range
character. Therefore, the surface viscosity values summarized
in Tablelll can only be understood, if it is considered that 3
the "structure promoting effect" of the nydrophobic alky)
chain 1s partly disturbed by different structural arranqge-
ments induced by the hydrophilic head group, which in all
leads to a lower surface viscosity.

For further details the reader should refer to the two

recent papers Dy HUhnerfuss12’13).

9,10,16)

An extensive report on the passive microwave measurements
will be given in the paper by Alpers and Hiuhnerfuss. In this
paper, only those data will be mentioned briefly, which
support the conciusions drawn from the surface viscosity mea-

surements: 1n the presence of an oleyl alcohol surface filn

an increase in the relaxation time of the water molecules with-
in the upper water layer by an order of magnitude has been ob-

served. While the relaxation time of pure water 15 known to

be + = .13 « 127 s, in the presence of an oleyl alcono!

0
-10

slick a relaxation time ToT .11 x 10 s was determined

(T = 287.2 ¥;. These values and the weiahted average of

the free activation enrhalpy 6= 5,53 ko/mol re-
flo.t ar ingregse irn hydrogen bond formacion,  as sche-
1.9
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hydrophobic part
: ' hydrophilic part

H
/H\ /H H -
0. /
.‘H —Q
0—H H
0 orientated water
H molecules (""clusters™) £190um
H—(l)'
H H H
0
I
H
Figure 1 : Interaction between a monomolecular surface viin,

consisting of a hydrophobic and a hydropnilic gare,

and the adjacent water molecuies.

matically depicted in Figure 10, and the formaticn of icciixe

e
- u

clathrate structures with 0---+0 distances of r = 5.8 x '3 “n,

where the strength of these structures decreases exponentiaily

with depth.

For more details the reader should refer to the paper by

Alpers and Hiihnerfuss.
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The surface potential measurements have been performed by
means of the "ionizina electrode method", which has been ce-
cribed in two recent papers by HUhnerfuss13’17).

Durinc a first set of measurements the contridbution of the
hydroohobic chain to the polarization effect within the upper
water layer was investigated by comparing a compound wWith satu-
rated alkyl chain (octadecanol (ODA)) and a ccmpound with unsa-
turated alkyl chain (Z-9-octadecen-1-o01 (OLA)). The surface poten-
tial values, which are summarized in Figure 2, are in line witn
the above "hypcthesis of optimum hydrophobic interaction’: the
values ootained in the presence of 0DA generally are about twice
as larce as those of the unsaturated OLA, which exhibits cunside-
rable sterical hwindrances due to the Z-conTigurated doubie bong
of the alkyl chain (Figure 2). Obviously, sterical hindrarce,
which prevents the molecules from an optimum hydroghobic inter-
action,leads to a decrease of the polarization effect.

This conclusicn ¢ further sucported 0y a comparisaon of the sur-
face potential dita measured by applyinc two different screading
solvents, ethanol and heptane: as already concluded frcm the sur-
face viscosity 231 .seotion2.1),heptane molecules may be included
in the monnlaver, whereas ethanol seens to be easily discoived in

the subphase. Witn renard to tro octadecanol merolaver at o

SUrface presurac thnose 2ifferent charactorishios 0F the .o anrcaa-

o~ - T, - e Y ‘ - . Lk - [ ~ y N P D
NG salvents o recgttoan verarkanly Jower surface potoatiyloo e ;
R |

wren sreresd Yo ErLane Comnayed oty the cerresiondina crthanpl
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- e . g S e -~ A A Ly 1
spreadsra soivant daty Crogre 200 AT tarot ooy
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. Ficure 2: Surface potential values  millivolts — wvs. ar2a/

< molecule |nm of an unsaturated long chain
alcohol, Z-%-octadecen-1-0o1 (OLA), and a sa%u-

rated alcohol, nctadecandl (0DA), surface film.

The data are given for the application of both

ethanol and hentane spreading solvents,
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concentration of tre octadecarnol mulecules ought to be so -
o
low that it should not make much difference whether or nct ;::
hertane ~oieclles r7e nrecent, This assumpticon, however, is w
- based upcn an “age:-oan-liee status, d.e. it is provided CL
that the molocu’-L S0 nat intorict Setween each other at low o
.:_‘
pressures. Fu* thi- is nct valid for octadecanol molecules: .
an aralysis of the total are3 covered by a Tlow pressure >
octadecanol surface film bty means of the extremely sensitive o
.‘:
surface potential sensor revea.ed that the film is very in- o
ncmoceneous when spread from ethanol. This implies that ot
%'
the cctadecarol molecules form islands rather than being g}
s %ﬁ,
distributed homoceneously. Thus, when soread from heptene il
solvent, these islands are easily broken by including heptzine
molecules, and consecquently, the averace surface potential s :K
lower, because the hentane molecules prevent the alkyl chains s
from an ootimum interaction. R
‘--
. . - -1 . “‘--4
However, when comrpressing the octadecanol surface f1i7m, which n
« " n
was spread frcem hentane, the solvent molecules are sgueered out R
more and more, and the surfacs fotzntial values are appreacning %
the valugs determined for the ethingl srreading solvent caca -
{(Figure 2 X
Furthermore, 1t i irtercitiing <5 »goo that tnis "anurs 1- s
Fst
Cut wr*azt’ of hertine molotules arrears to b les RISAR o
»N‘,
in tne oresence o U o mrL N, Coeee ot . e
Trare ooty LT Fooratad g s 3 - oty .
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heptane molecules seems to be left although compressing the
surface film,and, consequently, the dependence of the sur- -
face potential on the available area/molecule is less inten-
sive in the case of OLA films compared to ODA monolayers
(Figure 2). The inclusion of heptane molecules into the free
“holes" of the sterically hindered OLA film even seems to

give rise to a better mutual interaction between the hydropho-
bic chains of the OLA molecules, as can be tentatively con-
cluded from the larger surface potential values of the OLA
(heptane)-curve compared to the OLA (ethanol)-curve of Fi-
gqure 2.

During another set of experiments the surface potential
values of saturated alcohols were compared with with their
respective ethoxylated derivatives, in order to investigate
the contribution of increasing hydrophilic character to the
polarization effect. The results, which are summarized in
Figure 3, reveal a more complex influence of the homologous
series of ethoxylated alcohols on the surface potential than
encountered in the presence of long chain alcohols: the gene-
ral impression is that the ethoxylated alcohols exhibit a
larger surface potential than the alcohols. This holds, in
particular, at low surface pressures, while at higher sur- <

face pressures the values become more comparable.

The different characteristics of long chain alcohols and

their poly-ethoxylated derivatives car be understood as follows:
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Ficure 3: Surface potential values

molecule {nm2

|

imillivolts, vs. area/

of an octadecanol (0DA) and Zwo

ethoxylated long chain alcorol surface films,

di-{ethylenalycol)-mono-octadecyl ether (ODZlI),

and hexa-{ethvlenclycol)-mono-octadecyl etrer

(0CZ05), which were spread from ethanol spreac-

ing

solvent.
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4,1", { R-COOH-1H;0) +3H:0 [R-COOH-4H,0] +W
Q\Q N Compression
ﬁ-
t '
L}
‘l %Y
:;;:i‘ Fioure 4: The hydration equilibrium of an alkyl carboxylic
db . .
5, acid film on the water surface.
H
:'.&'3
.'»".}
e N
dees at low surface pressures water complexes can be formed by the
e hydrophilic head group as schematically depicted in Fiqure 4.
| Wat . .
'$\¢: Compression of the surface film to smaller areas must necessa-
A~
zfﬁ: rily lead to dehydration (see Figure 4). Monomolecular coverage
)
;i' is theoretically achieved at 0.185 nmz, which is consistent
| Ot
:@3 with the necessary area for the saturated alkyl chain. At this
A
S
;$ N compression status the water complex can at most contain one
AN 3) .
water mo]ecu]elo’, and the long alkyl chains are positioned so
/
Ni}j close to each other that strong hydrophobic interactions are
;'_)Q:J
€ﬁ$ dominant.
ANy
With regard to poly-ethoxylated alcohols more hydrophilic
N L : L .
(e 7 positions are available within each molecule, which are anle
J'_:.-‘
:&jl to form water comnlexes, and thus it is conceivable that at
e
— lower surface pressures the hydrophilic hydration term conir:-
S
! i \ curfac Sto 1 4 tn the
e butes more intensely tc the surface potentinl thar
P
s case of long chain alcohols. As a consequence, polyethoxy'ited
'::G.;'l
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alcohols exhibit considerably larger surface potential values

at low surface pressures than the corresponding alcohols (see
Figure 3). However, although the hydrophilic hydration term
plays a minor role at higher surface pressures, it still con-
tributes to the surface potential such that in total larger
values are measured also in the presence of compressed ethoxy-
lated alcohols compared to compressed unsubstituted alcohols

(see Figure 3).

In conclusion, depending on the hydrophilic character of the
head aroup of the alcohols and ethoxylated alcohols, rescective-
1y, the hydrophilic hvdration and the hydrophobic hydraticn con-
tribute to the surface potential in a different manner: at low
surface pressures hvdrophilic hydration becomes dominant pro-
vided that the head aroup is of very hydrophilic character, while
at hiaon surface pressures the hydrophobic hydration is dominant,
1f no sterical hindrances prevent the molecules from undergoing

optirum hydrohobic interactions.

This partly additive and partly antagonistic character of the
hydrophobic and the hydrophilic hydration terms has been investi-
gated further by determining the surface potentials in the pre-
sence of surface-active substances with varying hydrophilic head
groups: in Fioure 5 threw substances are compared, which canno:
achieve considerap’e hydrocnobic interactions because of their

uncaturated atryl chains, *ri-olein (TOLG}, sorbitane--ono-

A

olvate (SPANG, and J-3-octadecen-1-0ic acid [(OLS). It should

‘
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\,% Figqure 5: Surface potential values 'millivolts wvs. arc:

; l molecule !nmzf of three surface-active subsiin-
|$f; ces with unsaturated alkyl chains and ditferent
hydrophilic character, tri-olein (TCLZ), sorbitane-
_ mono-oleate (SPAN), and Z-3-octadeczn-1-0ic acid

- (OLS), which were spread from ethanc! spreading

-ﬁ solvent.
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be noted that SPAN has been included in this investigation in
spite of its only "technical purity" , because the physico-
chemical characteristics of SPAN are similar (o those of naturai
sea slticks. In the case of TOLG and SPAN relatively strorg hydro-
philic hydration is induced, which gives rise to large surface
potential values even at low surface pressures. Because of the low
hydrophobic interaction term at high surface pressures only a
slight increase in the surface potential is observed in the pre-
sence of SPAN, when compressing the surface film, and in the pre-
sence of TOLG even a slight decrease (!) of the surface potential
is measured.

If not only the hydrophobic term, but also the hydrophilic
term is low, relatively low surface potential values are ob-
tained both at compressed and dilated film status. This is
exemplarily shown for OLS (Figure 5 ). The low hydrephilic
hvdration ability of the carboxylic acid head aroup, may be
due to possible direct hydrogen-bond formation between the
functional groups, which in this case can be accomplished

3)

. . . 1
without intervening hydrogen-bonded water molecules

Additional experimental results including carzoxylic acid
ester derivatives and ammonium compounds can be fourd in the

: y 13,17
napers by Hihrerfuss 77 ).
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O 3. Monomolecular surface films under dynamic conditions
>od
ﬁf‘ On an undulating water surface, monomolecular surface films
. will be compressed and dilated, i.e., the optimum arrangement
N . . .
“C*Q of the film molecules will be disturbed periodically, and
AN
vl
::$§ concentration gradients and thus surface tension gradients
» '.
will be induced. According to the Marangoni wave theory,
*
\i : which will be extensively discussed by Lombardini and by
,:53 Lucassen-Reynders, these surface tension gradients give
D¢
By . : . . .
* rise to longitudinal "stream flows" as schematically depicted
{fJ: in Figure 6. The magnitude of these "stream flows" decreases
Zi{- exponentially with depth. However, prior to the beginning of
W '-':-"
b this work no experimental approach for verifying the occurrence
-
!~;2 of surface tension gradients on gravity water waves had been
O
-:&5 described in the literature, and thus, novel experimental me-
)
.
R thods had to be developed.
15963
_..'.:.
W,
o)
WA . : . 13,18-20)
Ve 3.1.__Dynamic_surface potential and_phase shift measurements =’ ° _~
A
I : . .
:{Z~ Wave-induced compression and dilation of a monomolecular
o
,Ift- surface film are expected to lead to concentration gradients,
*-_\..‘l..
which in turn give rise to a surface tension and surface
oy
. ) . .
i:J\ potential gradient. Continuous surface notential measure-
A ]
iy ments above a film-covered wavy water surface thus are ex-
[t
AV
pected to reveal periodic surface potential variations. This
S5
.%i;' phenomenon has been taken advantage of in the present work.
A
i:;{:
f! ‘n

140




o Ul i a aad o fa- au- oo e das it gre i) A hatiabah it ala A aliiadical A | ale med ake - fdod -tk Al aink Sl SRRl S
.4
‘

g
o
s
]
*
"
WATER SURFACE v

»

\
M IZZZZZ T RIS S OSSNy -
. ’ \ N ht

_ Ve - ez, (NN eI h
/ / \ \ N
| =/ >/ ‘fan ‘e ! A
' ’ \ l )
-o/ -bf \4- \ G o
I / 1 \ \‘ | —
! .
| -o/’ .‘ \'. "‘ ' t-f‘
o
l | 3

A

—
—
¥
L

BULK WATER

3
e
fo

Ficure 6: Liquid motion caused by a longitudinal wave. Note that _

in an actual wave, the wavelength is very much larger =
A
than the penetration depth. o
-
>
The measurements were performed in the wind-wave tunnel R
.
R
. A
of the University Hamburc (26 m long, 1 m wide, and 0.5 m {#
&Y
deen) which is equipped with a hydraulically driven wave =
d-:.
flap. "
=)
Our approach o measuring the surface contraction and C©x- ol
tencicn of a film on an undulatine water surfice involves T
. ~ . R ‘.:
a direct measurcment of the 2lectrical surface nctential ]
. i _ e
of the filn by 3 donamiz "wave following” precodure. As oy
v N
outlined in secticn 2 pre. sl orted meaoareTents =
of surface potentials were pertorred under stitic condi- -
K
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tions usinc either the air ionization electrode or the
vibratino electrode method. The advantage of the “ormer
was substantiated above.

In order to measure the surface potential over a wavy -
water surface, our surface ootential orote - originally
desicned for static laboratory measurements in our
Langmuir-trough as described above - was mounted on a

18)

wave follower so that it remained a fixed distance

above the film-covered undulating water surface.

In order to localize the maximum compression and dilation
zone - measured by the surface potential probe - with respect
to the position on the water wave, conventional wave staff
measurements were performed simultaneously by resistance wave
gauges of the Danish Hydraulic Institute, Horsholn (Jenmark).
The output of the surface potential probe was correlated to
the output of the wave aauge placed next to and at the same
position, with regard to the length of the channel, of the

surface potential probe.

Fiqure 7 shows a typical measurement using the wave fol-
Tower mounted surface potential probe for a 1 Hz flap cere-
rated wave (wavelength = 1.56 m; wave height = 2 c¢n). The

trace exhibits the expected jump in surface potential with

: the arrival of the film. The wave-induced surface potential
o fluctuations also increase sicmiticantl, in the oresonce of
.'"

SN the f11m. Angther notable characteristic of the curve denict-
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Figure 7 : Typical surface potential trace for hexadecaroic
acid methyl ester (PME) showing response to 1 Hz

water wave of 2 cm heignt.

ed in Figure 7 1is the decrease of the surface potential fluc-
tuations in time, i.e., the film molecules experience a “re-
laxation”. This effect can be easily understood in the lignt
of the relaxation characteristics of monomolecular surface

films discussed below.

In order to assure that the relaxation effect was not due
to a cradual fouling of the surface potential prote, the probe
was cleaned in the middle of a run. The probe cutoyc roetared

to the precleaned form after a few seconds.
The dati obtained in the presence of various surs o ol e

compourds <uzuort the hypothesis that surface fenston ar:iients

are indiced in rorulayers by propacating qriavity waves.
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Figure 8 : Phase angles between the hydrodynamic surface arei

(IR 2]

x

:j variation and the area of surface potential vari-
. ation of OLA (circles), PME (squares), and CIMIAR
4]
;}3 (triangles). Phase and coherence refer to a con-

ig parison of the surface potential output to that of
N a fixed wave heicht gauge,

R
f;:
{:& In addition, the data allow the determination
'

of the zones of maximum compression and dilatation on the back-

ward and forward side of the propagating gravity water wave. There-

-
P Jid

™

fore, concurrentl, to the spectral pear medasurements, the surface

-
-

potential output was correlated with the outout of a fixed wave
height qauce placed rnext to and at the same "fetch" (= wave Drova-

gation distance) of the surface potential probe. In Ficure 8

L)
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the curves in the lower part show the phase relationship, and
in the upper part the corresoonding coherences of the transfer
function between the wave heicht gauge and the surface poten-
tial probe. We have arbitrarily plotted only the phase values

up to where the coherence dropoed to 0.5

An extensive discussion on the phase shift and its importance
for interpreting wave attenuation by monolayers can be found

in Huhnerfuss et a1.20'21). ?

l
3.2. Relaxation measurement521) !

The microwave relaxation measurements supplied valuable
insight into the interaction characteristics between sur-
face film and the vicinal water layer and into the molecu-
lar structure of the interacting system. However, the rela-

10 s obtained in the presence

xation time T T 111 x 10
of the surface film is still considerably shorter than the
. \ -1

inverse ancular wave frequency » = and, conseguently, the

relaxaticn benaviour of the water molecules cannot be the

key for the viscous film-induced wave damping effect.

Therefore, the relaxation effects in monomelecular Surtaie
films were investitated, in zarticular with recara Lo tre

time scales of trnc relixaticn orocass and thelr potds

contribution tc the viscous damping ter.
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P Fiaqure 9 : Surface pressure {mNm-l} plotted vs. area/molecule
100 x nmz}. Compression and dilatation curve (indi-
cated oy =) of an Z-S-octadecen-1-01 ("oleyl alcc-

- hol") surfazce film measured in an automatically work-
e ing Lancmuir-trouch. Point 1 indicates a constent

_ area of 0.08 nm2/m01ecu1e, at which compression was
1.-'-

A stcpred and the time dependence of surface pressur

T

‘; ’ decrease was meacsured. The seccnd set of relaxation

/

.-:'. measurements was performed at point 2 2t 0.25 nm,
N -

o, molecule.

The measurements were performed in an automatically work-

-\: ing Lancruir-trough Type A, Fa. lLauda, Lauda (F.R. Germany).

A The compression and dilatation curve of 9-cctadecen-1-ol,
.

hY , ‘
A Z-isomer, {oleyl alcohol) measured at 288 K {(velocily Veomp
) -

-

ard Y4l were 0,015 nmé/ molecule miny is skown 1n Figure 9,

The relaxation process was investiaated by compressing the

. o2
. surface filn o menemolecular coverage at C.27 nm7 molecule
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(point 2 in Figure 9 ), keeping the surface film material within

this constant ares and measuring the time deoendence of the sur-
face pressure decrease. The experiment was repeated by ccmoress-
ing the film until partial collapse to 0.08 nmz/moiecu1e (roint

1 in Figure 9), which is sugposed to occur at the ocean surface

at higher wind velocities. These measurements were per-
formed at 288, 298, 303, and 308 K.

The spreading solvent was ethanol, which was redistilled
over a bubble-cap column. In connection with investigations
on spreading solvent effects on the physicochemical proper-
ties of monolayers, the measurements at 0.08 nm2/m01ecu1e

were also performed applying heptane as spreading solvent,

As an example for the results obtained two set of curves
determined at a constant area of 0.08 nmz/mo1ecu1e are
shown: Figure 10 depicts the time dependence of the surface
pressure decrease of an Z-9-octadecen-1-01 surface film,
which was spread from ethanol solution, and Figure 11 shows
the results obtained, when applying heptane as spreading
solvent. The data, which were measured at a constant comp-
ression area of 0.25% nm2/m01ecu1e, were qualitatively simi-

lar to those in Figure 10 (spreadinag solvent ethanol).

The relaxation time ¢ is defined as the time, after
comp o
which the surfice nressure dreopped to 1/e  (i.e. 37 . ot -
n".\'
. . . . . - N o~ :l‘q
the difference Setseen the initial surface pressure F N
come =
£+ + T e N N S ] “ ard tre ecauliibrium © e o "
arter SLCPDIF\«A el ,Uw.,ﬂf,Sﬂ\,ﬂ, ara tne L\1U1|1vr]J.. NIV 2w

K

‘e

'I'-
P

pressure FE( . The relavation times calculated from re
G
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Time dependence of surface pressure decrease

at 288 K (0000), 293 K (eeeej, 303 K [++++),

and 308 K (xxxx), The measure=ents were Cer-
formed at a constant area of 0,08 nmz,’molecule
(point 1 in Figure 9 ), using ethanol as spread-

ing solvent.
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Time dependence of surface pressure decrease

at 283 K (0000), 298 K (eeee), 303 K (++++),

and 308 K (xxxx). The measurements wera ner-
formed at a constant area of 0.3 nmz/mole-

cule (point 1 in Figure 9 ), using heptane

as spreading solvent,
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Table IV: The relaxation time Tcomp calculated from

Figures 10 and 11,

Spreading solvent Temperature Relaxation time
K min’
Ethanol 288 9.6 % 0.5
298 1.7 2 0.9
303 7.5 2 0.5
308 148 16
Heptane 283 13.8 1 1
293 45 13
303 16.2 I 1
308 192 I3

curves of Figures 10 and 11 are summarized in Table IV.
Each measurement was repeated three to five times, until

the necessary reproducibility of the relaxation time TCOmp

. . . . +
was achieved. At Tcomp < 10 min a deviation &t of - 0.5

min, at T comp * 10 - 20 min a deviation of * 1 min, at
s

. . . + . v
Tcomp 20 - 50 min a deviation of - 3 min, Tcomp

50 - 100 min a deviation of I § min, and at < > 100
comp

. . . - + - -
min a deviation o - 10 min was tolerated. The §: values

of the averaged relaxation times are also given in Table [V.




.
The above results clearly reveal a thermal anomaly at %
303 K: The velocity of surface pressure decrease becomes o
smaller with increasing temperature at 298 and 308 K ;~
(Figures 10 and 11), which results in an increasing re- '
laxation time (Table IV ). However, at 303 K a signifi- T
cantly faster decrease of surface pressure is observed ?!
compared to 288 and 298 K, corresponding with a decrease E}
of the relaxation time. It would be beyond the scope of
this paper to discuss this thermal anomaly effect and its ;
implication for biological processes, and , therefore, the ;f
reader should refer to the papers by Hiihnerfuss and wa1ter21) f
and by HUhnerfuss13). .
g
4. The Marangoni wave phenomenon t;
The theory of the Marangoni wave phenomenon will be discussed
in subsequent papers by Lombardini and by Lucassen-Reynders. The o
results presented in this paper show that the assumptions which ;
form the basis for the Marangoni wave theory are realistic: i:
¢
- gravity waves are generating surface tension gradients within ’f
a film-covered water surface, f;
(9
- strong interactions between the monolayer and the vicinal R,
water layer were observed, which are depending om the hydro-
philic and hydrophobic hydration terms, i
o
151 %
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4$¢: - the time scale of the relaxation effect due to rearrange-
fs;z ment processes of the film molecules is significantly larger
" than the inverse angular wave frequency g'1,
s
}d - the phase difference between the hydrodynamic compression
:?ﬁ zone and the zone of maximum concentration of the film
‘ molecules can be determined.
b . .
5;3 Based upon these results, it was possible to calculate the
fﬂ.ﬁ theoretical wave damping curves by means of the Marangoni
;~' wave theory and to compare these results with wave damping
‘-QE curves determined experimentally by wind-wave-tunnel mea-
EN
:i{j surements. Presently, this comparison has been undertaken
A for about 60 to 70 chemical compounds. In all cases, the
;E; accordance between theoretical and exnerimental curves is
iii astonishingiy well. As an example, the results are given
ol for the homologous series of saturated long chain alcohols
.iai (Figure 12) and for the ethoxylated hexadecanol-derivatives
:;:;: (Figure 13). Recently, Hihnerfuss et al. could show that
— the modification of wind wave spectra by monomolecular sea
%ES» slicks can also be explained by means of the Marangoni wave
E:. ‘;‘E phenomenonzz)
gf\“ In conclusion, the experimental evidence presented in this
’EE; paper and the additional result, which will be presented by
%:: Lombardini, clearly show that the wave damping effect by sea

— slicks is fully understood both for mechanically and for wind

v
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generated water waves.

b
e
'.f:'.'
P 'J,
152
F"--
p *J'r.-'.- T P L SRR A e S .N‘f-' " ""“«“ PRGNS G A Y % . Rt

g -«’ Sy 3
h- '\ "- -f“‘-f' h“ “. 1. Ly '(.n‘)\- (‘.‘

W, '\ -‘ < f (
.i"‘h "Q‘.' kY. 8", .\f ~fulrs \ \

*- N AT
)- -l'
I\"l‘«l’h\p .k ' N .‘ .Q‘. T‘. B e G T

-‘N‘ L1} ,.ll‘.




45 —

y(t)

N ' s
1 5 10 [Hz] 4
K
',‘
Figure 12: Wave damping ratio y(f) vs. frequency |Hz'. The A
4
experimentally determined values are indicated *f
t
by the following symbols: AA2AA dodecanol (DDA), 1
00000 Z-9-octadecen-1-01 (OLA), eeee hexadecanol L
(CEA), +++++ octadecanol (ODA). The solid lines N
Mo
represent the respective theoretical curves. !
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y(f)

Fiqure 13: Wave damping ratio y(f) vs. frequency [Hz!. The

experimentally determined values are indicated

by the following symbols: eesee hexadecanol (CEA),
8AAA  mono-(ethylenglycol)-mono-hexadecyl ether
(CEEO01), D o b o di-(ethylenglycol)-mono-hexade-
cyl ether (CEE02), ooooo tri-(ethylenglycol)-mono-
hexadecyl ether (CEED3).
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MAXIMUM OF DAMPING RATIO IN RIPPLED WATER COVERED BY
MONOMOLECULAR FILMS i
C]
Pietro Paoclo Lombardini -
Istituto di Cosmogeofisica, Torino, Italy s
A
Extensive theoretical and experimental work has been .
done relative to the damping of capillary waves in pre :

sence of adsorption and spreading films ‘' Recently,

this work has been extended to the lower part of the
short-gravity region ?. We have dedicated the last deca
de to the exploration of the entire short-gravity Gbtanc
1 - 20 Hz).

»
X
¢

The ratios of damping of short gravity waves in pre
sence and in absence of surface films, plotted vs.
fregquency, give origin to diagrams having cuspidate
shape.

Fig. 1 shows plots measured for four different films:
1 - methyl palmitate; 2 - cetyl alcohol; 3 - oleic
alcohel:; 4 - Triton X100. The three first samples are
insoluble films, the fourth soluble film. Clearly, the
maxima are all well marked, and the maxima of insoluble
films prevail by at least one order of magnitude. The
two parameters of each maximum, frequency and damping
ratio of maximum, are characteristics of the substance
composing the film, and univocally related to the rheo
icgical parameters, elasticity coefficient and diffusio
rral frequency.

By Ry Yy g TV

19,

These results have a theoretical justification

‘ne_retical basis

I shall refer to the classical book of V.G. Levich
"rhysicn-Chemical Hydrodynamics'" and re-write two basic
er.ations from the section entitled “"Damping of capillary

waveg by surface-active substances', equations 121-18,
AT
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Satisfaction of both conditions requires vanishing
of the determinant of the coefficients, from which one
may extract the following equation:

2% 42684 (1+a,)w 874 (a,~a, )" = O 2)
where:
a, = Ex /T Jow/n a, = Ex’ /ouw? (3)

Equation (2) admits two solutions *: the Laplace
solution,

1-(a,w'/269")

QR - iw 6
L =70 l-a, )

accompanied by the dispersion relation:

(a)

w = /OK!/DJ-gK (5)
and the Marangoni solution,
'/
A, =t (Ei<T/efn) 7 (6)
For the case of adsorption films we shall assume
that thermodynamic equilibrium exists within the sub
surface,
Notg that:
agc 3o d(int) | d(1lnT) (7)

3(1nA )~ 3(1nT ) d(lnA )~ °d(1lnA )
S S S

where €, is the elasticity coefficient of the film, A

the element of surface area, and [ the surface film
concentration, The second factor of the medium term measn
res adsorption and desorption variations during the -
surface expansions and compressions due to waving.

Taking into account the diffusion process and defining
the ditfusional frequency,

ar

where -~ is *the bulk concentration of the solution,
e

furcction o 2, and D the diffusion coefficient, it

resglts,
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d(ln I‘) ) 1+7 4'j“' (9)
d(lnA ) = 1+27t+7x?
s
where,
w
D
T =/ 2w (10)
We may then write,
E = E, (cose+j sing) (11)
where,
E =¢ //1+2v+217 (12)
d,
an 1 {(13)
¢ = arctan(—)
147

From (10), moving w from zero to infinity ¢ passes
from 45° to 0°. We will use in Laplace formula (4) the
approximation @ =jw and get,

l-a w/28 (14)
l-a,

w, = Jw-§

L

The real part of the second term on the right side
of (14) divided by &, represents the damping ratio yL.
Setting,

X, =e,<*/o/2nu’ Y, = e,x/4pnu (19)

o]

~we obtain,

14214271 2-X 4+Y (X _+1)
Y, = = PR >— (16)
L 1+27 +27 —2X°+2X0

the -~uspidate shape of curve 4 in Fig. 1.

e+t now pass to the Marangoni solution. 1t may be

Plotted in terms of frequency, equation (16) exhibits




For soluble filmsy is confined between 120° and 150°.
Clearly the real and imaginary part of g are of the
same crder. This corresponds to a damping which is very
high, and removes any physical interest to the Marangoni
wave for soluble films.

In the case of insoluble films, in-lieu of the diffu
sion process, which is valid for adsorption films, we
invcke an analogous process, occurring however above
the interface, where a packaging density distribution c ,
function of 2z, is assumed. This concept, which we will}
call "directional packaging'" and which also requires
thermodynamic equilibrium, involves a structural parameter
Dp. having the dimensions of a diffusion coefficient,

Setting, / /

dc Sw
p_ "D
T= /ép (*EF——)/ 2u=V 2w (19)

we get in this case,

1

e, (1-214217) 7% exp(J¢) (20)

E

where,

(21)

=2
1l
o
"3
(@]
ot
»
o}

In this case, while w moves from zero to infinity, o
passes from 225° to 360°. Thus, will use in Laplace

expression (4) the approximation @ = -jw and obtain,
_a,uw
6 = ju- ¢ —HIT7E (22)
L
l-a,

The real part of the second term on the right side,
divided by s leads to the damping ratio,

1-214+21 %=X _+Y _(X_+1) .
v - Q e -y (23)
"L 1-27 421 222X +2X 2

ed in terms of frequency the eguation exhibits
the cuspidate shape of curves 1, 2 and 3 of Fig. 1.

wren X =1/ and 1-1/2 eguation (23} poes to intinity
For o oanderstanding the Marangoni solution 1t 1o corve
t

o subaivizge the range ¢ in two scectora: 007 - 100
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In the first sector,

¥y = %(450%0) (24)
and in the second sector,

2
¥ o= S( $-180°) (2%9)
Fig. 2 presents an overall picture of the behavior
of both solutions for the condition «€,= 9.7 and wp= 19.0.
The figure displays four curves: a and b show Laplace
and Marangoni dispersion laws, respectively,the wavenumber

< appearing on the ordinate at the left side of the
- figure; curves ¢ and d feature the damping ratios yL
and
v/
y, = (E *x*/e?n ) "’cost/é (26)

M

reported on the ordinate at the right side.

Note that at the frequency f curves a and b

intersect indicating a tight coupTing between the two
modes. The effect of coupling is that of removing from
the picture both lLaplace pole and Marangoni zero, and

introducing instead a maximum according to (23) evaluated
with the proper value of w_ of the film. This maximum
derives from the need for an identity of motion for both
modes at the same frequency fm , lidentity which may be
written

y, =¥y (27)

Fig. 3 shows how y and y vary as a function of 1
in the case of a film of oleic alcohol ( ¢,= 9.7, W= 9.6).

Irn conclusion, in the case of insoluble films for
frequencies far apart from fm the Laplace mode predomi
rates because the Marangoni wave 1s too much damped.
Getting closer to f the outcome of -~oupling is an
attenuation computagle with equation (23).

Equations (1€) and(23) offer a complete description
ra®

. ot +rme damping ratins for hoth scluble and insoluble
films. Trne substances <~o-mposing the film are described
- by “he coordinates of tne peak of the curves, and they
v uniqaely related o the rheological paramelers e
Aarci e, The yascars> frim ~re set of parameters to the
ﬂhﬂrLLs givern w1 oghically an Fip. 4, which shows the

it ~usp o ordinate ac o a function of the frequency &1

TAayimum,
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Methods of measurement

Measurements of damping ratio have been performed in
the short-gravity wave frequency band.

In the laboratory, cleaning problems can be minimized
using small tanks. We used a 15 liters tank, 81 c¢cm long,
22 cm wide and 10 cm deep.

Two different methods have been utilized, according
to frequency, the semilog method and the resonance
method °.

In the semilog method a mechanical wave-maker
(loudspeaker plus vertical Teflon wedge-shaped blade)
oriented transversally to the tank plunges rhythmically
into the water creating small, monochromatic, rigorously
transversal waves. Attenuation, am (cm™') is measured
taking care that the reflected wave does not interfere
with the source. Measured damping 6 1is derived from
the attenuation coefficient with the relation,

5§ = a v (28)

where v is the group velocity. The damping ratio °s
calculatgd with the formula,

y = & /2nx’ (29)

In the resonance method the wave-marker is a
horizontal metal wing oriented transverally to the tank
ard moved rhythmically 1in air toward and away above the
water surface. The liquid waves are created by pneumatic
pulsations. The tank is excited in conditions of resonance
and damping is measured in term of relaxation time,
according to the rule,

§ = T/2 (30)

where T measures the time interval between the instant
e wave excitation 1is discontinued and that in

in whizch th
wave amplitude becomes 1/e of 1its initial

which the

value.,
The amplitude of the waves 1s measured using a

specially built capacitive probe ' sencitive to difte

rences of level of the water surface of the order of 1
riicrometer, ralibrated versus a Cahn R.H. electrobalance.
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It is estimated that using these step-by-step methods
the overall error in the measurements of damping ratios
was kept below * 5% .

Dvnamic methods of measurement are also available.
They are all based upon confrontation of wave spectra.
Spectra of wind-excited waves on a film-covered water
surface, S(f)_., and analogous spectra measured on a
purely viscous water under the same wind excitation,
S(f),, lead to the damping ratio sought for, because of

the formula °,

y(£) = 8(£),/8(f) (31)

We have used this method utilizing a novel wave
probe * , capable of measuring the high frequency range
of the sea spectrum on an absolute, self calibrating
scale. The basic concept of our probe is a Teflon-
coated wire (Goubau-line). The lower end of this wire,
which is held straight vertically, is dipped in the
water, while the other end is fed by a microwave, X band,
source. The microwave energy travels downwards confined
to a close proximity of the coated wire, and the contact
with the water acts as a short circuit, giving origin
to reflected waves. The standing wave pattern is
uniquely determined by the contact with the water.
Changes in height of the water surface correspond to
changes in phase angle. This is accurately measured in
a computer and the measurement 1s accomplished with
an error of few micrometers,

Spectra of a sea rippled by a gentle breeze were
obtained mounting the apparatus on board of a small
boat. In this mcunting the Geoubau line was hanging
from the bow as a plumb line. The obtained spectra

followed rather faithfully the slope predicted by
Phillips, for the dynamic equilibrium range of the sea
spectrum. In Fig. 5 a) 1s shown a spectrum of clean
water, and in Fig. 5 b) the spectrum obtained after
having poured in the water, upwind of the prche, 200 cc
of a 17% solution of oleic alcohol inHexane. Performing
r.int by point the division between spectral data In
A ard L) a curve is obtained similar to curve 1 of
v .

Ao clmilar exoerliment has hteen poertorme. by
e Hoennertygass i Hamburg o asing o a wind o tanik, Fiy.o o
stows rs resaltc for the rase of oleic alcecohol: upper
curve--lean water; lower curve-presence of ilm.
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Finally, the peculiar response of damping versus

0 frequency shown above may also be observed using a
Qh multi-frequency radar, viewing a sea area covered by a
&? film. This is possible because the radar return of a
;Mﬁ rippled sea is mainly due to Bragg back-scattering.

) Hence the effect of the presence of a film will bring
*ﬁ} fourth a decrease of sea echo proportional to the
:%ﬂ: damping pertaining to the liquid wavelength in Bragg
rﬁh resonance with the radio wave. The wave number of this
ng component is given by the formula,

N x = 2K cos © (32)

L
; 3 where © 1is the grazing angle between the radar and the
IhX horizon, and K the radar wave number.

S We note that when the radar cell is not uniformly
.ik covered by the film the decrease of echo will be lesser
‘$§J than that given by the theoretical damping ratio, y.

1#; Let F be the filling factor of the radar cell, F =1

N meaning that the film covers uniformly the area of the
s cell. The effective damping ratio, ye, is given by,
NN
P y = (1-F+F/y) ™} (32)

e e
=
PRE The relationship between y and y is shown in Fig.7
) which refers to a film of oleic alcohol. The upper curve
'ﬁg in Fig. 7 corresponds to a coverage of 100%, the lower
3] curves to coverages of 99%, 90%, 75% and 50%, respecti
,%B vely,

«. B

] On the basis of the previous considerations, we have
:fﬁ: carried out an experiment using a radar system which
) e utilizes two frequencies: S band ( » = 9.8 cm), X band
b : ( » = 3.2 cm) and vertical polarization '© . An important
ifﬁ feature of the system is that the radar cell at both

frequencies is the same, and equal to 7.5x0.02 D mz,
where D is the target distance in meters. At grazing
incidence, the frequencies of the liquid waves in Bragg
resonance are about 6 Hz for the S band and 11 Hz for

a s
s s
”

)

“l.l‘l
‘l‘ l'
PRV

EaF AP

6@3 the X band. In our experiment we created an extended
C spot of film on the surface of the sea by depositing a
ﬁxﬁ total of 1 liter of oleic alcohol at a distance of
lxtj approximately 0.2 Km from the radar, which was operatinyg
M on the shore. A light breeze blowing seaward was
“i:j assuring ripples on a calm surface. Using photometric
intensities cn the PPI we nhave computed y =15.6 for the
H\}~ S hand and v = 6.9 for the X band as indicated in Fip.7.
From this da%a one gets F = 93%.
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Concluding remarks

From the developments of the previcus pages 1t appears
clearly that a solid basis exists for the development of
remote sensing techniques capable of uniquely identifying
the presence of films distributed over the ocean surface,
independently of their nature.

| SRR | Pk

Measurements of damping ratio of short-gravity waves
as a function of frequency via Bragg backscattering of
radar waves suggest the possibility of observations in
local, medium and even planetary scale from space.

Ly

The possibility exists that these techniques,
involving structural parameters, e.g. surface visco-
elasticity, may lead to the characterization of thermo
dynamic surface properties related to the substances
forming the film.

-
K

165

PR AR R - - P -. - '-_,.(-" T e T AT 1 -r,r K

L, -
',. S~ ‘-", Y e #,-‘(. o " TN ‘h‘ﬂ *. RN ‘. VR
o - N o T 0 ‘ w phCi Loty
e PRI (VA R u’t"n WA ‘ "N " '0" . p wl" ‘t'o W

w3y



REFERENCES

i 1 - M.Van den Tempel, E.H.Lucassen-Reynders "Relaxation
processes at fluid interfaces" Advan.Colloid
Interface Sci.
Vol. 18, p.281, Elsevier Sci.Pub.Co. Amsterdam,
X 1983
i 2 - H.Huehnerfuss, P.lLange, W.Walter. Jour.Marine Research,
40, 1982, p.209; 42, 1984, p.737
3 - R.Cini,P.P.Lombardini, J.Colloid Interface Sci. 65,
, 1978, p.387
N 4 - V.G.Levich "Physico-Chemical Hydrodynamics", Prentice
Hall, Englewood Cliffs, N.J. 1962
5 - P.P.Lombardini, F.Piazzese, R.Cini. Nuovo Cimento C 9,

1982, p.25%6
k 6 - R.Cini, P.P.Lombardini. J.Colloid Interface Sci. 81,
! 1981, p.125
7 - P.Pavese "Proximity linear transducer for the study

of short-gravity waves in a tank" (in Italian)
Internal Report No 40-1980, Istituto Cosmogeo
fisica, Torino, 1980

8 - R.Cini, P.P.Lombardini, H.Huehnerfuss. Int.J.Remote

v Sensing, 4, 1983, P.10l

‘ 9 - B.Fiscella, P.P.Lombardini, P.Pavese Nuovo Cimento C,
5, 1982, p.247

10 - B.Fiscella, P.P.Lombardini, P.Trivero, P.Pavese,
R.Cini, Nuovo Cimento C 8, 1985, p.l1l75

W R

o e

Ix_*_1

ool bl ul AP

Xl

166

e e M M R am e . S -
BN T e e e e T T e T e .

o e e L L L e e
\‘;.. I ( LN Q AT ﬂ\-‘ - * ’ " 4. "'I \'. N W Y .a'.n.";' ,,,,;,;_;.. e, * ri &\ic&r&;:{t‘f‘

-‘-".‘ '-">




P L

C
R Y
. "
A "
J ‘1
e JPLN L
I %
o . “ "11
M T
O
o '.l ll 'l.i'
A s Y
b |

Fig. 1

SR N R R S TR AT TR T A W o
'y ﬂ*&\*‘.‘* X . ,
B Ty S T T

A , ‘
RSP RO M RN M, it )

iR

Curves of damping ratio for:
1 - methyl palmitate
cetyl alcohol

2 -
3 - oleic alcohol
4 - Triton X 100
167
l_q“_.'.(. < (_"- - -’,,4_.'-1“ “«, " L '.»"'"\'-'*'!.'-
'(('w - : ! b f-' 0 L B S Lt
LS S0 v ettt 1 el e el At

E+C1

Guo

GG

O O.»

oL GCGOCE-

Caoode i

COE+01

.
r
(%

E+GC 0. 2C

C.0000C

Y2

TR TuW

A '
Ol
T

»
%

J‘ 'w
'l'a‘l 3 g'l‘



W

o
>

Y]
IR

SEAREEE

PRI F

TR T EITW IR TTRE TS " TR TR T VRy T IR ™

T T T T T 171
ol
[ §
[V}
= A
- 4 ke
1000 -
d
-3
199 -
- 2
[}
10 A
h‘ h
| |
fm 18  (Hx)
1 1 L ] 11
Fig. 2 Dispersion (a,b) and damping ratio (c,d) for €,=C,

and w_ = 19.0
a,c Laplace wave;

b,d Marangoni wave

N
'.l""" _.‘-_.‘..

<
P IO S A

\(23-_.& *-!



-——— Tger TR rTw e we wEEeEEWewm e

- 300

- 208
- 1008
«3 «35 4
—
1 1 L
Fig. 3 y, and y, for varying v . Point : experimental
value for oleic alcohol
P
169
I 4- ‘l.‘ -
\'(:\y.‘}h" %&M&Z{h GOSN

B B A e

w8
LN
s
.
\i
~
f
1S

Lol R S

i

L
X,

L T

e

P
«ath

.......

." 3 g ‘ : ““ s 1‘
o ‘:\ o %:-ﬁ.-{ M{}. '\.a‘u\.;;n



.l
)

A
AN

‘ »
5‘3"“:.‘. AR

BB, oo o o

Fig. 4

13 "“k N F,

ol A, _,\.- Lt
N ‘ﬁ."f- })& .

Loci of mavima of damping ratio versus frequency of
maximum. Dotted line indicates condition ofu“=0.
Soluble films lie below, insoluble films lie above.
Running parameters ¢, and WD

ROy R A P S N
(‘i,‘ z(-.-« o .~: .

A R I NP R R TN Y S

" w hT s ; », 'y '* \
WY 6 0 iyt (’l‘!‘ﬂ'»"h 0, a




P T T T O T T Ty B W R T PN T T R WP N

100 =

-0

-
~ " i
——
- "

™5

L
b-- Y

qr- )\

'-\-

£

o
|

J k::x\
- i,
i >
- } g
#’ DA%

Wi

+ | R
BN

1§

2

YL
'lr'v“*x"r‘y‘

Ay

-~

L i

Fig. 5 Spectra observed in the Ligurian 3Sea:
a) observed in clean water
b) observed in presence of film (oleic alcohcl)

v

N SR Y

1< 5+
P 4
» v,

B Y P

171

(L R SRR
Al DA
Come " e G o -

ft'o'-

.
.

s s s

J
» n

EI »

e ,. N WAL \ =
..- «- DA Ik ('4".)'"
T \".L‘S..'.JAA TR .A'{.\ ne

2




T
A

+~

I 1
a)

r 1

L Y

Fig. 6 Spectra observed in a tank: a) clean water,
b) presence of film (oleic alcohol)

X

RS

b ]
w

Pl s
LSRN

& A

L
o'y

+

>

R

A

T
N~

‘\




10

10

."i.;‘,.

M

SRt AR il ath ol ik ul aha-Lad abh o hdo ke L dak g e

0.99

0.9

o

0-7 S

g Lol il bk sud arh g aca s . |

Effective damping

“1l1linp

fartor F

/ 0.5 L ——
16)0 T
10 L o f (H2)
band S band X
= 7 ratio for a choice of the



Rkl RA L AR A Zots abh-ahd B8 o858 ond o.d o iniidadedadato i hab oAk ol Sk tal aal dall ind tokh ol wah dad ot cae A .abo ad. o ]

E.H. Lucassen-Reynders
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DYNAMIC PROPERTIES OF FILM-COVERED SURFACES

INTRODUCTION

those of traditional surface and colloid chemists to
some considerable degree. The former are more directly
concerned with surface waves because of the effects of
wave characteristics on surface roughness and, hence,

on reflectivity as measured by remote sensing techniques.
Surface chemists, on the other hand, are interested in
surface waves in so far as they are relevant to, e.g.,
the stabilisation of the thin liquid layers separating
emulsion droplets, and other applications of surface
active materials. Both the remotely-sensed properties

of the sea surface and the mechanical behaviour of many
dispersed systems depend on the surface-chemical
parameters that govern the propagation of surface waves.

]
:
|
The interests of marine investigators appear to overlap j

This presentation will briefly review (i) the relevant
characteristics of surface waves, and (ii) the physico-
chemical variables most useful for understanding the
effects of surface active materials on sea water.

SURFACE WAVES

]
Sea surface motions can be linked to three types of
surface waves, distinguishable by the restoring forces
which try to bring a disturbed surface back to its
original position. Two obvious restoring forces working
in the direction normal to the undisturbed sea surface
are gravity and surface tension. These forces largely
govern the transverse waves (1-5) known as gravity
waves and capillary waves (or ripples), respectively.
A third restoring force is the surface elasticity,
which works in the tangential direction and largely
governs the longitudinal waves also known as Marangoni

waves. This type of wave was discovered much later (6),
and requires the surface to have elastic properties.

It is, therefore, never found on a clean surface but it
does exist on film-covered surfaces where the surface
rension can vary from place to place because of local
contractions and expansions accompanying the wave motion.
The surface elasticityv results from the tendency of
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areas with high surface tension to contract at the expense
cf avreas with lower tension, and it is this tendency which
produces the tangential restoring force.

Transverse and longitudinal waves generally coexic<t on the
same surface because they are produced simultaneously by
any mechanical means of wave generation. This remains the
case even if wave generation is achieved by purely
vertical or purely horizontal movement of, say, a barrier
in the surface. Horizontal movement, like wind, will
generally produce not only horizontal but also some
vertical surface motion, and vertical barrier rovement
will also generate some horizontal surface motion. Vertical
surface motion merely predominates in the transverse waves
and horizontal surface motion in the longitudinal waves,
without the other motion being quite absent in either case.

The distinction between the two wave types lies in their
dispersion equations, which predict a different dependence
cf wavelength on wave frequency for each. The dispersion
equations are derived by solving the hydrodynamic
equations of motion in the liquid for the boundary
conditions imposed by the surface. Specifically, any
viscous stresses acting from within the liquid must he
balanced by stresses due to gravity, surface tension and
surface elasticity. A number of simplifying assumptions
have to be made in the process (1-6), the most important
of which are that (i) the wave amplitude is small
compared to tne wavelength, (ii) the energy of the wave
motion is dissipated by viscous friction in the liquid,
and (iii) viscosity and density of the liquid keep their
bulk values right up to the surface.

The main results of this hydrodynamic wave theory are
contained in the dispersion equations, which are independent
physically significant solvtions of the general equations.
On water and other low-viscosity liquids, the transverse
waves are only lightly damped and their wavelength is to
very good approximation given by Kelvin's equation,

derived as early as 1871:

ngTJra*k%waz (1)

(see List of Synbols). Thus the long waves (k << | g/dﬂ%)
generated at low frequency and dominated by gravity have
wavenumbers increasing with(ul', while the wavenumbers of
the shorter capillary waves dominated by surface tension
at high frequency only increase with W“® . For water, the
transition between the two regimes lies at a wavelength
of about 1 cm.

The longitudinal waves, on the other hand, are mainly
governed by the surface dilational modulus, €, which
combines surface elasticity and surface viscosity, as
defined by analogy with a three-dimensional compression
modulius:
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£ - dor/d 1na (2)

The dispersion relation of these waves was not derived
until 1968 (6) and it reveals a frequency dependence
intermediate between gravity waves and capillary waves:

KRN’/ ig? (3)

Both Eqs (1) and (3) are approximate, in the sense that
elasticity terms were neglected in Eq (1) and surface
tension/gravity terms in Eq (3). The errors made are
very small (4,7), reflecting the fact that transverse
waves are very largely dominated by surface tension and
gravity, and longitudinal waves by surface elasticity.
The corollary of this is that, while ripples can be
used to obtain information on surface tension, the
longitudinal waves are eminently suitable as a tool for
measuring the surface dilational modulus, €. In fact,
much of the information on the viscoelastic surface
properties to be discussed in the next section has been
obtained through the study of longitudinal waves, as
reviewed elsewhere (8).

Another approximation implied in Eqs (2) and (3) is
that the surface's resistance against shear deformation
is ignored: £ as defined in Eq (2) measures the elastic
and viscous resistance against isotropic changes in
area, not against changes in shape, of a surface
element. The latter resistance can be expressed in the
surface shear viscosity, a much-investigated parameter
(9), but experimental evidence surveyed elsewhere (8)
indicates that the numerical values of it are generally
much smaller than those of the surface dilational
viscosity embodied in €.

A major difference between the transverse waves described
by Eq (1) and the longitudinal ones of Eq (3) is that
damping is far more pronounced for the latter than for
the former. Damping can be expressed in a complex value
of the wavenumber k:

k= X +iF (&)

w where the imaginary component B is the damping
coefficient, i.e., the relative decrease of wave
amplitude with increasing distance from the wave source.
As can readily be seen from Eq (3) for real values of €,
i.e., for purely elastic surfaces, the damping
coefficient B of longitudinal waves is always of the
same order of magnitude as the wavenumber X :

P/K= /5 -1 =20.4 (for £ real) (5)

This implies very heavy damping, leading to an almost
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vanishing amplitude after the very first wave cycle. For
transverse waves, on the other hand, the hydrodynamic
thecry predicts that on a clean water surface the ratio
of damping coefficient to wavenumber is given by Stokes'
equation:
prc=anx3o2ht cec (e)

for gravity waves, and
=4
Bix =% q(x/pot 1 (7)

for capillary ripples. Eq (6) means that B/k is less
than 0.0C1 for all gravity waves on clean water, i.e.,
the wave amplitude is reduced by less than 0.6%7 with
each wave cycle. The damping ratio decreases with
increasing wavelength because of the factor A™¥ , and
is only (G.00002 for 1 m waves. Ship wakes, producing
waves of this order of magnitude, are thus essentially
undamped given the low value of the viscosity % , and
can remain visible for many miles on clean stretches
of sea surface.

These low amounts of damping (somewhat higher for
capillary waves, but with B/k from Eq (7) still below
0.01 as long as A > 0.15 cm) were neglected in the
derivation of Eq (1). The effect of surface elasticity,
as caused by adsorbed or spread films, on this low
damping can be quite considerable. Such films only have
to result in relatively low modulus values in order to
increase damping by several hundred percent. Figure 1
illustrates this for 1 mm capillary waves. Three
aspects of this effect of surface elasticity may at
first sight seem surprising:

A
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Figure 1. Effect of surface elasticity on damping ratio
of 1 mm capillary waves. Solid line: purely elastic
surface. Dashed line: viscoelastic surface. Data from
Reference 2.
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(i) The effect is not largest for the highest
elasticities, but passes through a maximum at an
intermediate elasticity value which depends on the
wavelength. This maximum is connected with the ability
of an elastic surface to carry two kinds of waves, i.c.,
not only the transverse wave in question but also the
longitudinal one (4-7). In fact, the maximum is always
found at the elasticity value for which the wavelength
as calculated from Eq (3) is near - although not equal
to (10) - the wavelength of the transverse wave. Thus
the maximum in damping is reminiscent of resonance-like
damping in electrical and mechanical circuits.

(ii) The introduction of surface dilational viscosity,
at given values of the surface dilational elasticity,
decreases ratler than increases the maximum damping.
This is because in the hydrodynamic theory all damping
is caused by liquid motion underneath the surface. All
the surface can do is modify such liquid motion through
the boundary conditions. Surface dilational viscosity
tends to short-circuit the surface tension gradients
and, thereby, make the surface behave more like a clean
surface, i.e., it decreases the damping maximum.

(1iii) Surface elasticity causes a maximum in damping not
only for capillary ripples but also for gravity waves.
Indeed, the maximum damping relative to that for the
clean surface increases steeply with increasing
wavelength, as shown in Figure 2.Thus the damping of

« ,/*/ Wavelength

log (p/ﬁé)

0.25 m

G.10 m

0.04 m

0.01 m

0.0C1 m

L e, 4

p
) 1 2 3 log £
Figure 2. Increased damping of gravity and capillary
waves caused by surface elasticity, € (zero surface
ViSCOSity)~Fg is the damping cocfficient for the clean
surface as glven by Egqs (6),(7). Dashed line: locus of
maxima. Data from Reference 7.
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gravity waves does depend very sensitively on surface
properties, even though treir wavelength does not. This
is because the wavelength depends mainly on the normal
boundary condition, in which the surface tension force
can be swamped by the gravitational force; damping
depends mainly on the forces in the tangential direction,
where there is no gravity to swamp the surface elasticity
force.

Ample experimental evidence for both transverse and
longitudinal waves on clean and film-covered surfaces
has confirmed the validity of the hydrodynamic wave
theory (1-8). The basic assumptions listed earlier on
can, therefore, be taken as sound. An interesting side
effect of this conclusion follows from the third of
these assumptions. Bulk viscosities remaining unaltered
in the uppermost liquid layers are incompatible with
the notion of thick layers of '"structured'" water bound |
to surface films. According to some suggestions, layers i
of tightly-anchored water might extend to depths of ‘
more than 100 ym below the surface in some cases (11).
Anomalous physical properties over such distances should
produce anomalous wave damping. Experimental data
confirming the wave theory in its present state,
therefore, lend no support to the notion of such layers.

This leaves us with the following main conclusions on
the characteristics of surface waves as affected by
surface properties:

(1) the surface dilational modulus defined in Eq (2) is
the most important variable governing the damping of

botnh gravity waves and ripples. Maximum damping is
obtained at intermediate values of the surface elasticity
and zero values of the surface viscosity.

(ii) the surface tension governs only the wavelength of
ripples, i.e., waves shorter than 1 cm.

Quantitatively, the effect of svrface films on wave
motion thus depends on the numerical values of surface
tension, surface elasticity and surface viscosity. The
next section will consider these variables in somewhat
more detail.

SURFACE TENSION AND SURFACE DILATIONAL MODULUS

The primary effect of organic film on a water surface is
a diop in surface tension, by an amount which depends on
the surface excess concentration. Although it may be
convenient to think of the organic material on the
surface as a two-dimensional gas, exerting a surface
pressure equal to the drop in surface tension, it must
be emphasised that surface films hardly ever obey the
two-dimensional analog of the ideal gas iaw.
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Figure 3. Schematic surface pressure (T7) vs molar area (A ) curves.
Dashed line: ideal gas, Eq (8). Drawn line: many real systems.

TA =RT (ideal gas) (8)

Deviations from this simple equation of state are usually
extreme and start at very low surface pressures, as
indicated in Figure 3. Surface active materials known
from technological applications and biological systems
show a wide variety of surface behaviour, as reviewed
elsewhere (12), and can reduce the surface tension of
water by a factor of up to three. The surface tension of
sea water under natural conditions is unlikely to be
reduced to the same degree and, therefore, can be taken
as always of the same order of magnitude. Too little is
known about the chemical nature of the sea-surface
enrichment for any classification of itsT- A curves to
be possible as yet (13,14).

As to the surface dilational modulus, €, it is only under
simplifying conditions that this parameter is determined

completely by the equilibrium surface equation of state,

and given by a limiting value €0 defined as:

€ = (dTr/dlnF)eq (9)
This implies purely elastic surface behaviour, i.e.,
zero surface viscosity. Such simple behaviour is found
when two conditions are met: (i) the variations in
surface tension resulting from local variations in
should be instantaneous, and (ii) the total amount of
surface excess material (["A) should be constant, i.e.,
diffusional interchange between surface and adjacent
water layers should be negligible. The latter condition
is obviously satisfied if the film material is insoluble
in water. The condition does not require total lack of
solubility, however, merely lack of solubility in the
time scale of the experiment. The time scale of surface
waves is the inverse wave frequency (l/wsec), and
"insoluble monolayer behaviour" is observed whenever the
rate of diffusion is too low to have a measurable effect
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on (FA) in 1/w sec. As a result, surface active materials
that are readily soluble in times longer than 1/wW sec will
form monolayers that behave as if insoluble towards
surface waves with frequency w. For instance, solutions of
octanoic acid were found to show insoluble monolayer
behaviour, with a surface elasticity described by Eq (9)
and zero surface viscosity, towards 200 Hz capillary )
ripples (15). At not too high concentrations, the same
behaviour was observed for decanoic acid solutions at wave
frequencies as low as 1 Hz, with measured modulus values <
up to 70 dyn/cm (16).

Figure 4 illustrates the elasticity values that can be
calculated for some simple equations of state. Values at
given surface tension are seen to vary considerably, but
in all cases the values needed for maximum damping of
waves of up to 0.1 m are within easy reach. These
elasticities are obtained for simple monomolecular
adsorption, at concentrations far below those giving
visible films or slicks.

€ A (dyn/cm)
o] y Frumkin
(at critical
80 | temperature)
60
40
Langmuir o
20 } - _ _
"R ideal gas
0 -
0 5 10 T (dyn/cm)

Figure 4. Limiting elasticity values £ as a function of surface
pressure | for various equations of st3te. (Calculations for film
material with limiting area of 0.2 mm?/molecule.)

Such purely elastic surface behaviour, with € given by
Eq (9) and zero viscosity, is restricted to a limited
range of frequencies. Outside this range, either of the
two above conditions is no longer satisfied. This means
that the time scale of the surface wave (1/W) is no
longer incommensurate with the time scales of all
relaxation phenomena that can take place in or near the
surface. Under the heading of ''relaxation phenomena'
comes any spontaneous process occurring after a
‘iisturbance and leading to a re-equilibration of the
surface tension, e.g., a rearrangement in the surface or
“rangport of material to/from it. Since such a process
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always involves dissipation of energy, one can formally
express the result in terms of a viscosity, which in our
case of area disturbance by surface waves is the surface
dilational viscosity. Any relaxation process capable of
altering the surface tension within a time of 1l/w sec
will cause a time lag between the fluctuations in ¢ and
those in surface area, A. In other words, the modulus
as defined in Eq (2) is no longer a real number but a
complex one, with a real part representing elastic energy
- stored in the surface and an imaginary part reflecting
viscous loss:

)
L)

:

g €= £r+ i&i = £r + iuJY)d (10)
Both contributions are measurable, e.g., by applying Eq
(3) to measured properties of longitudinal waves, and the
results of such measurements have been reviewed (17,18).

The most obvious and general relaxation mechanism for
films of sufficient solubility is diffusional transport
to/from adjacent water layers. The theory of it in the
case of surface waves is now more or less fully
established and confirmed bv experiment (2-8, 15-18).
Apart from rendering the surface viscoelastic, this
mechanism also reduces the absolute value of the modulus,
because it short-circuits the surface tension gradients.
For this reason, very soluble monolayers never reach the
moderate elasticity values needed for the maximum wave
damping illustrated in Figure 1.

It should be stressed that the effect of diffusion on

the modulus depends as much on time scale as on film
solubility. Therefore, the effect will always be more
pronounced for gravity waves than for capillary ripples.
An illuminating example may be calculated from theory
applied to a system resembling some of the decanoic acid
solutions for which ripple damping has been measured (15).
To 1 mm capillary ripples (high frequency) such a solution
may present an almost perfectly elastic surface, with

|€] = 0.9&, and negligible viscosity. From the point of
view of 1 m gravity waves (much lower frequency), however,
the same solution with the same surface film would be
visagelastic with a much reduced modulus of less than

0.2 &.

Diffusional interchange is only one of a number of possible

relaxation mechanisms, and the frequency spectrum of the

modulus will generally show more than one range of

* viscoelastic behaviour, as depicted in Figure 5. Each

* range is centred round the frequency corresponding to the
characteristic time of a relaxation process, and measured
modulus spectra can be used to obtain information on these
processes. The most interesting relaxation processes apart
from diffusion probably are those caused by rearrangements
in the surface. These can range from very fast reorientation

of single small molecules to the much slower formation of Y
T~

D\ .~
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Figure 5. Schematic frequency spectrum of surface dilational modulus.
w,, W,... are frequencies corresponding to characteristic times of
rélaxafion procgsses (Ti= l/uﬁ).

new surface phases and cooperative structures involving
either many small molecules or single large ones. The
former will show up in the behaviour of very high
frequency ripples, e.g., in the kHz region (19), and the
latter only at frequencies in the mHz range or lower
(17,18).

To sum up, the main points of this section are that both
the surface elasticity and the surface viscosity show
wide ranges of variation. These variations are caused
both by differences in equilibrium equation of state of
surface films (see Figure 4) and by the occurrence of
relaxation processes under dynamic conditions (see Figure
5). As a result, numerical values of elasticity and
viscosity are meaningful only at the frequency for which
they are meastred. In comparison to the measured
variations in surface elasticity, the possible variations
in the surface tension appear to be of minor importance.

CONCLUSTIONS

The major conclusions on the effects of organic films on
surface waves can be summarised in the following points:

(i) Organic films can have large effects on surface waves
by modifying flow patterns in the liquid through the
boundary conditions.

(ii) The film parameter with the greatest effect on wave
damping is the surface dilational modulus, which combines
arface elasticity with surface viscosity. Damping is most
"=reased by moderate values of the elasticity, but surface
v's3cosity leads to a decrease in maximum damping. Surface
. .on determines only the wavelength of capillary rippies.
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(iii) The maximum relative increase in wave damping
caused by surface elasticity is larger for gravity waves
than for capillary ripples, but the elasticity values
required are also larger.

(iv) Surface shear viscosity so far has been found to
be of minor importance in comparison to surface dilational
viscosity.

LIST OF SYMBOLS

area of surface element

area per molecule of film material
gravitational constant

2 /A1

comglex wavenumber

wavenumber of longitudinal wave
wavenumber of transverse wave

gas constant

absolute temperature

=< Z‘t_‘??‘ =0 >

~3

(distance) damping coefficient ( = imaginary part of k)
surface excess concentration (=1/4)
(complex) surface dilational modulus

real (elastic) part of &

imaginary (viscous) part of £

bulk viscosity

surface dilational viscosity (=€, /w)
real part of complex wavenumber
wavelength (= 2T/k) .

surface pressure (=Uwatep_0f11m)

bulk density

surface tension

chavacteristic time of relaxation process
wave frequency
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Introduction

The phenomenon of wave damping by thin films (monolayers) of surfactants has
been known since ancient times (for historical notes, see Scott, 1978) and the basic
P hydrodynamic mechanism behind it is now well understood (Dorrenstein, 1951).

In view of the recent interest in the above problem, which is related to the possibil-
ity of acoustic noise reduction by the presence of such monolayers, we have constructed
a simplified hydrodynamic model of the wave damping process and investigated its
consequences. While our results were reported in 8 more general form by other authors
(Van Der Tempe! and Van De Riet, 1965; Lucassen-Reynders and Lucassen, 1969), we
X feel that the simplicity of our presentation and the ipsight provided by the analysis in

™
- -

terins of a mechanical analogue, are both appealing and useful.

We have applied our inodel to the analysis of the experimental data (Garret and Zis-
_ man, 1970) on wave damping by monolayers of linear polymers. Somewhat surprisingly,
: the results are in excellent agreement with experiment, indicating that the simple hydro-
| dynamic theory is sufficient if the temporal variation produced by the wave is much fas-
ter than the relaxation processes associated with the monolayer (as is probably true in the

\ case of polymeric monolayers and wave frequencies in the 60 Hz range).

Another, more indirect mechanism for wave damping by monolayers, appears in the
- context of wind-generation of waves, where experimental observations (Fitzgerald, 1963)
indicate that the generation of short waves is suppressed for friction velocities below a
critical value of 25 m/sec. Following Gottfriedi and Jameson (1968) we have analyzed
the growth rate of waves as a function of their wavenumber, and investigated its depen-
dence on the friction velocity and film compressibility, using experimental data for the
growth rate in the absence of the film (Larson and Wright, 1975), and our theoretical
model for the film-induced damping rate. The results are in qualitative agreement with
Fitzgerald’s experiments. There still remains some uncertainty with regard to field
experiments (see Hiihnerfuss and QGarrett, 1981), where experimental sea slicks of dif-
ferent kinds have been used. It is claimed that films with a high equilibrium spreading
pressure x, (greater than JO dyne/cm) are more effective in damping the capillary waves
than those with a lower ®,. In view of the practical implications (choice of films and
method of spreading) it Is very important that the reason for this be understood. Work
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along these lines is now in progress.

Derivation of Damping Rate

Consider a plane surface wave in the small amplitude approximation (i.e., amplitude
small compared to wavelength).

Let w be its angular frequency and k its wavenumber, and assume a ‘‘deep’’ fluid
(i.e., a depth of more than half a wavelength).

The planar motion is taken to be in the x-z plane, with the x -axis in the direction of
wave propagation, and the z-axis pointing vertically upwards with z =0 at the equili-

brium position of the surface.
The fluid velocity, ug = {ug, wo} and surface «levation § are given by
wy = awe® cos® , wo=awesind (1)

§{ = acosb )

where 0 = kx — wt, and a {8 the elevation amplitude. (Note that this is a potential flow,
le,Veuy=0and V xuy=0).
In the absence of dissipation the dispersion relation is given by the expression

u)znu)f-gk+-;—:-k3 3)

where g is the acceleration due to gravity, p is the density of the fluid, and ¢ the surface
tension,

Taking dissipation into account, the above wave characteristics are still essentially
correct, except that a small wave damping is introduced in Equation (3), and the flow (1)
is modified in a boundary layer of thickness § = (2v/ )" below the surface (here v is the
kinematic viscosity)—the so called viscous shear layer (Landau and Lifschitz, 1959).

In the following arguments we shall make use of the fact that k& « 1, i.e., the thick-
neas of the boundary layer Is small compared with the wavelength; in fact, kd varies
from 0.02 for 10 cm gravity waves to 0.14 for 0.1 cm capillary waves. This seems to be
true for all interesting applications, and without further notice we shail proceed to neglect

terins of relative order of magnitude (k 5)%
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We denote the total fluid velocity by V= {V,W} and write V = ug + u. The vorti-
city, £, aligned in the y -direction, s given in terms of the relative velocity u (relative to
the bulk velocity ug beiow the surface layer) by

= du
a dz @

The vorticity {s produced at the surface; in the absence of a surface film it results from
the need to balance the potential flow (Equation (1)) contribution to the tangential stress
there, dup/ds +9dwy/dx = du/dz. It is transmitted into the boundary layer by
viscous *‘d ffusion:"’

9 _ a’n

8 4 a 2 )
Note that to this approximation both u and w satisfy Equation (5). The relevant solution
of Iquation (5) gives 2 and u as

umBelel®ed, .. (6)

and

= ﬂla:-i-le”‘e“"”&)+c.c. ,

Here B is determined by the tangential stress condition at the surface. Where there is no
surface film, the stress to be balanced at the surface, vp(Quy/dz +dwy/dx)=
2vpwka cos O, is very feeble, producing an excess velocity u in the boundary layer of
the order (k §)uy. In this case the rate of energy dissipation in the boundary layer scales
like vp 5(u /5)? (the bar Implies averaging over a wave period) which is found to be a
factor k & lower than the bulk dissipation rate Q calculated from the flow field Equa-
tion (1) (Phillips, 1977)

Qo = 2vpk ofa? = 4vA2E . ™M
Here E is the mean energy density (per unit surface area) p w?a?/(2k) in the wave.
Thus, in the absence of a surface film, the damping of the wave is due to viscous dissipa-
tion in the bulk glving E = —Qo. The temporal rate of damping, ¥,, then becomes

Yo = 2vk?, - )

which is a classical result due to Stokes (1845).
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In the presence of an insoluble surface film this picture changes rather drastically.
The surface film has elastic properties, meaning that the surface tension, G, varies with
the molecular area A (area per surfactant molecule). A nonuniform horizontal displace-
ment §(x, 1) of the film (in the x -direction) gives a tangential stress (in the linear approx-

{mation)

Jd0 1 g

ox  C, ax2 '’ i
1 dA -

where C, = A drn is the compressibility of the film at some unperturbed value
0 0

Agof A, and x is the fllm *‘pressure’’ ©,, ~ 0, where ©,, and o are the surface tensions

of the pure fluld and the film-covered surface respectively (Gaines, 1966). Now, in the

absence of any responne in the boundary layer, the contraction and expansion of the sur-

face implied by ilquation {1} is &;=-a sin® which gives a surface stress of

—(Ic’a/C,)lln 0. 'This should be compared to the potential flow contribution to the

viscous stress at the sut{ace, 2vp ka w cos 0. The ratio of the amplitudes of these expres-

sions is 2vp C, —(f- which, except for the ‘‘gaseous’’ regime (see Gaines, 1966) where C,

is very large, is a small number. _
The conclusion 10 be drawn from the above estimate is that, in contrast to the case
of no surface film,| dug/dz + dwydx| «|du/dz|, so that the balance of stresses at the
surface is between the elastic stress induced in the film and the viscous stress due to the
shear in the boundary layer.
The equation expressing the continuity of tangential stress through the surface

becomes

u _ 1L FE
YPar T, st a© |

where the lefi-hand alde can be written as the rate of changc of horizontal momentum in
the motion relative to the bulk, i.e,dP/3: withP = L pudz.
The relative velocity 1 1s now of the same order of magnitude as the bulk velocity.

'Lhe dissipation i~ the ahear layer scalea like v p 8(u/8)%, exceeding that in the bulk by a

factor (k 8)='. o calculete 1he damping rate of the surface wave, we therefore proceed

to celculate the rate of disalpation Q in the shear layer (Phillips, 1977),
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where we have used E:juation (6). Notice that in writing down the expression for 0 we

have neglected a term of relative order £ § coming from the product —a-z— %'zi

A relation between the complex amplitude, B, and the real amplitude of elevation,

a, is found from (10) by noting that %—?— = ug+u.

i-1 wa
B T-p-7 2 ' (12)
where we have Introduced the dimensionless quantity B defined by
2vpC, ® 2
fm ——;z—-a——' = Vv pC, ® " g 13)

which varies from P =) e in the absence of the film to p = O for an incompressible

monolayer. Inserting (12) Into (11) we obtain

v k?
: k8
e 2 —m———— 14
The damping rate, v, is (to leading order in k ) given by
vi? |
vy 2 %
y - kb o (vitan2) (15)

a-pP+1  (A-pP+1
which exceeds the contribution from the bulk dissipation (cf. ¥ given by Equation (8))
by & factor (k 8)7!.

In order to obtain an expression for the dissipation rate that contains contributions
from both the shear layer and the bulk, one must carry out the standard linear analysis of
the Navier-Stokes equations and use the corresponding boundary conditions on the nor-

mal and tangential streases at the surface. The details are not presented here. They can
' be found, e.g., Iin the review paper by Lucassen-Reynders and Lucassen (1969). The

dispersion relation can be written

v
v .
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[1--(—‘:;“(&5)’] [’;‘ AL “’[ ” (16)

2
(9 om gt [y, 20¥C0
[m’ lk(kﬁ)][l+x i ],

where m = k(1 - 1)((k 8)"2+i/2)" and w, is given by Equation (1). This can be shown
to be identical to that given by Van Der Tempel and Van De Riet (1965).

We now exploit the fact that k § is a small number. If in Equation (16) we neglect
terms of relative order of magnitude (k 8)2. except for terms where (k 6)2 is multiplied by
C, (which becomes large in the limit of a gaseous film) we obtain

@ ks lo2BES an

mt B-1+i
which easily lends iiself to fteration. In the *‘gaseous’” limit (when B> (k 8)1) we have
0= 0 -2 vk? (18)

in accordance with (8) (—Yo i8 the imaginary part of ). When B « (k 8)™! we have

2 7
© = o Vk©w, 1-B+i (19)
' 2 B-1¥+1 "

which agrees with Equation (15), and confirms that our simpleminded derivation contains

the relevant physical effects.

Mechanical Analogue—Discussion

The tangential stress condition (10) can be recast into the form

oP _do _ 1 __E,_
al Bx - C ax (20)

where P is the excess horizontal fluid momentum per unit surface area due to the boun-

dary layer:

0 .
Pewpfud = %6—(1+I)B e!®hcc. . (21)
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Further:
doP - du - Y 1o T
S pv 3 ) 3 (1-i)Be' " +c.c.

(22)

where u, is the excess surface velocity. Thus the rate of change of the excess fluid

momentum consists of one friction-like term

_%v_ u, (23)

and one acceleration-like term

du du
i L a4

where Y2 p8 Is half the mans per unit area in the boundary layer. From (22) it is also seen
that while the two ternis have equal amplitudes, they are 90° out of phase. This property,
which does not seem to have an analogue in a discrete mechanical system, is a conse-
quence of the fact that (due to Equation (5)) the viscous force and the inertial force bal-
ance each other throughout the depth of the boundary layer.

We write (20) in the form
1 pv., _ 90 _ _k?
3 po X+ X . C. o+ Xo) (25)

where  is the excess displacement of the film (i.e., x =u,) and Y, is the displacement of
the bulk (i.e., Xo =g, )

Formally, this is the equation of a driven damped mechanical oscillator of mass
Y% p8 and spring constant A %/C, .

We first look into the free motion of the oscillator in the absence of the driving term
(i.e., the bulk motion of the surface wave). This corresponds to a nearly longitudinal
clastic wave-mode in the flim and the accompanying shear layer.

The dispersion relation for the mode is readily found from (25) to be

(0] -7-5-—)-. 26
2vp C, o)
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which is seen 1o be heavily damped (this is again a consequence of the fact that friction
forces balance the inertial forces throughout the accompanying shear layer).

Taking @ to be real, we solve (26) with respect to k =k, +ia; and obtain
2
W= |+ 2| € (vprad)
2 4
These are exactly the longitudinal mode solutions which were derived and experimen-

tally verified by Lucassen (1968).

The dispersion relation (26), which can be recast in the form p=1 -, is found to
bo the lowest order approximation in k 8 to a more exact relation that can be obtained
from Equation (17). It should be noted that the wave-mode is longitudinal in the sense
that the horizontal displacement amplitude dominates the vertical by a factor of order k &
(nn can be seen from the condition of incompressibility). We also remark that k § (for
this wave-mode) scales like (V)" (p C, )" @*, which is small for reasonably dense mono-
layers.

Retuming to the driven oscillator (25) we first observe that it dissipates energy at an

average rate

=y, 28)

which is readily shown to be identical to Q calculated in Equation (14).
Let us now address the question of the mean energy flow in the system consisting of
the film, the shear layer, and the bulk motions.

We remark that, on the average, no work is done by or on the film. This is an obvi-
ous consequence of our model, which does not allow for energy sources or sinks in the

film. Mathematically, this is expressed as

y ‘\ dC
(xo+x)—5; 0 (29)

where x%} can be Interpreted as the rate of work that the film is doing on the shear

layer, while "X.o %g in the rate at which work is delivered by the bulk motion. Notice
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that Xo and x are out of phase: at maximum damping (B = 1) the phase difference is n/4;
at maximum horizontal film displacement (P = 2), it is x/2

For the driven oscillator (25) the ratio between the amplitude of the driven motion,
Ymaxo And the amplitude of the drive, Xo mas = @, i8 given by 2% ((1-P)*+ 1)™™. This
has a maximum of 2" for f=1. As a function of frequency, this ratio has two maxima
of 2% (B=1) and one relative minimum at w=~2.6w, (where wq is the frequency
corresponding to minimum phase velocity). The bimodal character of this relation comes
from the fact that B as a function of ® has a minimum of 3.7(g p*o*v)*C, for

® = 2.6 wy. ‘
The horizontal displacement of the film, )4 + X, has an amplitude given by
af
% (30)
[a-p?+1]

which has a maximum of 2%a for p= 2.

The motion of the flim particles is given by the total displacements of the surface*:
Vertical: {5 = a cosB

"
| o Horzontal: o+ = ———L— ((1-P)sinB+cos9)

It is seen from the latter expression that for very dense films (C, « 1), and not too low
frequencies so that B « 1, the surface film does not move horizontally.

This result was already anticipated by Reynolds (1880), and was derived by Levich
(1941). The fact that the horizontal displacement has a maximum of 2%a between the ‘
dense (B « 1) and gaseous (B >» 1) regimes, namely for = 2, seems to have gone unno- J
ticed. |

In the table below we have listed the horizontal film velocity, the excess velocity
(over that of the bulk), and the displacement amplitude, together with the growth rate and
orbit of the film particles. .

*There ig also 4 ascess slevation {. N s, however,of ordera £ &
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TABLE1

B 0 1 2 .
W — m g
Y (Yow)"/4 (Yo©) /2 (Yo ®) Yo
- K Y _K
Horlzontal film 0 wa cos (8 2) 2" wa cos (0 4) wa cos 0
velocity
y —31& _L
Excess film || @8 €o8(®+ M) | 27 wa cos(8+ =) | wa cos (8 2) 0
velocity
Horizontal Alm 0 a 2!/, a .
displacement
amplinde ‘
Onbit of particte y O
on film E t / y

Going back to Equation (15) we remark that ¥ has a maximum of (v k2w /2)* for
B =1, which is twice the value for an inextensible monolayer (f =0). Intuitively one
might expect the maximum damping to occur for this latter case, where the film acts like
an inextensible membrane, near which the wave produces a strong shear-layer, dissipat-
ing its energy. The rate of dissipation does indeed depend on the ‘‘strength’’ of the
shear, or vorticity, in the layer. Since the structure of this layer (see Equation (6)) is
independent of film compressibility, what matters is the amplitude of the excess velocity

u at the surface which is readily found to be
—_ 2wa - Gl

[a-p?+1)

It {8 seen that u g, has indeed a maximum of 2%a @ for P = 1, which should be com-
pared to a w for P= 0. Since the rate of dissipation is quadratic in u,,, the somewhat

counter-intuitive result for the damping rates mentioned above follows.

Let us finally discuss an explanation given by Lucassen for the maximum in the
damping coeflicient. lle relates this effect to a sort of linear resonance between the two

basic wave modes of the system: the capillary gravity-wave on the one hand, and the
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longitudinal wave (Equation (27)) on the other. Such linear resonance between distinct
wave-modes propagating in a system is well known from several fields of physics. How-
ever, whilc for essentially undamped waves the interaction is expected to take place
where the frequencies and phase velocities (or wavenumbers) are coinciding or nearly
coinciding, no such simple relation is expected to hold in the case of heavily damped
modes (such as the longitudinal wave).

Indeed, the ratlo between the wavenumber k of the capillary-gravity wave, and that
of the longitudinal mode, &, , st maximum damping is readily found (from Equation (27)

2
m ~ 1.29.

and the condition [y w 1) to be

Viscoelastic Effects

So far we have focused on the case where the wave damping characteristics of the
surface film can be fully described in terms of its elastic properties, i.e., the real
coelficient C,. For many insoluble monolayers this seems to be a realistic approxima-
tion,

Surface fllms may, however, exhibit a *‘surface dilatational viscosity’’ due to relax-
ation processes. These may be of two kinds. First, du'ring rapid oscillation (compression
and expansion) of the surface, the value of the surface tension 6 may be different from
that measured with the surface at rest. This effect, which has been observed (for a
thorough discussion see Lucassen-Reynders and Lucassen, 1969) for spread monolayers
of long chain molecules {s apparently connected with the reorientation processes of the
absorbed molecules at the surface. Another relaxation process is that of diffusional inter-
change between surface and bulk during contraction and expansion of the surface.

In both casen, the effect can be formally included in the treatment given in the pre-
vious section, by a generalization of Equation (9), writing

L a2
ox [£d+nd a‘] axz ’ - (32)

where ¢, is the surface dilational elasticity, and n, is a surface dilational viscosity, both
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of which, in general, depend on frequency.

While it is not clear how 1,4 is related to measured surface properties, for the first
kind of relaxation effect mentioned above it is a relatively simple exercise to show that
for a wave of frequency W, we have in the case of diffusional relaxation process,

1 140

d =

C, 1+20+20%°

and

i 0
- : 33
W = =0C, 1+20+ 207 33)

dA | 2w

coefficient of the snrlactant,

%
where 6 = —A’fq-[-—lg-] , ¢ is the bulk concentration, and D the diffusion

thn 0 « 1, the relaxation iime is much longer than the wave period and we have
Mg = Oandegy = C,", so that the soluble surfactant acts as if it was insoluble.

Wave Damping—Numerical Results

In the following we want to take a closer look at the predictions of the simple theory
(essentially that of Dorrenstein) neglecting dilational viscosity in the film.

Since the wave damping depends rather critically on the value of the parameter B, in
Figure 1 we plot the ratio of $/C, (note that by Equation (13), B is proportional to C, ) as
a function of frequency (. It is seen that for gravity waves one has a o™ dependence,
while for capillary waves there is a weak " dependence. There is a minimum for P at

w =~ 2.6 Wy, where ayy corresponds to the minimum of the phase velocity.

We note especially that in the range of angular frequencies between 107 and 10° the
ratio B/C, is within 7% of the value 7.4. As we pointed out previously, the damping
rate, as a functlon of C,, has 8 maximum for B = 1. Thus we should expect that for the

frequency rangs 107 - 10" where B/C, s 7.4, an optimal damping would occur for C,

around (7.4 )'l « (0.138.

This is demonstrated In Figures 2 and 3 where /7Y, is shown as function of o for

different values of C,. ‘The fact that the graphs run more or less parallel in this frequency
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domain is due to the insignificant variation of B here.
Figures 4 and 5 show Y/, as a function of the wave length A for different values of
C,. The uncomected (by Yy dependence of the damping rate y on the wavelength A is
given in Figure 6. In summary we find that:
1. There is an optimum film compressibility of C, ~ 0.14 cm/dyne for the capillary
waves (o ~ 10? - IO’)
2. For gravity waves the maximum relative damping, Y/, at a particular film

compressibility, C,, occurs for a wave length
L~ STlpVighC, I,

or A=~0358 C,‘* (C, In cm/dyne). Thus to have maximum relative damping of a
23 cm wave we need C, = 1072, while for a 10 cm wave C, ~ 0.03,

Comparison with Experimental Data

There exists a lot of experimental data on wave damping by surface films (see, e.g.,
Lucassen-Reyders and lucassen, 1969; Davies and Vose, 1965; Garrett and Zisman,
1970), and on the whole there is satisfactory agreement between these data, and the sim-
ple hydrodynamical theory presented in the previous sections.

Garrett and Zisman (1970) have investigated the damping of capillary waves with
absorbed insoluble monolayers of surface-active linear polymers. They observed a
highly complex variation of the damping rate as a function of molecular area A (Fig-
ure 7), and indicate (page 1804 in their paper) that the simple hydrodynamical theory of
Dorrenstein is unable to predict this complex behavior.

They are of course right in the sense that the simple theory takes the elastic film
property (i.e., C,) as given. C, is derived from the relation between the equilibrium sur-
face pressure x and the molecular area A. In their paper Garrett and Zisman determine
experimentally both the rt vs. A curve and the corresponding damping curve.

In order 1o check whether the hydrodynamic theory can reproduce the complex

featurcs of the Uarrett-Zlaman results, we have fitted a smooth x vs. A curve to their
experimental points (spline function) and from this obtained a numerical value for C, for

each value of A. This value was used to determine B, which is then substituted into a
formula for the spatial damping rate, x = Y/ vy (v, is the group velocity) derived from
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Equation (17). Figure 8 shows the corresponding variation in surface pressure x, f§, and
the spatial damping rate.

As can be seen from comparison with Figure 7 (Figure 4 in Garrett and Zisman,
1970), the variations in x are quite similar. Since x is obviously a very sensitive function
of the slope of the & vs. A curve (which is proportional to C ,") hardly a better agreement

could have been expected.

Suppression of Wind-Generated Waves by a Film

In the preceding sections we have seen how the damping of shorter surface waves
may be strongly enhanced by the presence of a surface film.

The calming effect of such films on wind-generated waves has been noted in the
lteraturs with references going back to Pliny (77 C.B.) and Plutarch (95 C.E.). In
modem times, (wo tijor re7.v='s of interest in the subject seem to have occurred in the
last quarter of the eighteenth century, initiated by Benjamin Franklin, and the last two
decades of the nineteanth century, with contributions from people like Reynolds and
Lamb. An interesting account of the historical development of the subject is given by
J.C. Scott (1977).

Experimental work on the effect of a surface film on wind-generated waves seems
to have started with Benjamin Franklin who carried out a series of experiments on ponds
and lakes in England. Well known is his description of how a teaspoonful of oil had the
effect of making a pond of half an acre in Clapham Common: ‘‘As smooth as a looking
glass.”’ ’

Fitzgerald (1963) carried out an experiment on wind generation of waves with and
without surface fiims. He used a film of cetyl alcohol, and measured the wind stress T, at
the surface. He found that for a friction velocity u.,

g = (To/ Pum)”
exceeding 23 cm/aec, atiort waves (2-3 cm) would start growing, and for smaller veloci-
ties the waves would he supressed.

Gottifredi and Jamenon (1968) Investigated theoretically how the surface film would

affect the growth rate of the wind generaied waves. For this purpose they used the Miles

theory of wind wave-generation modified to describe the case where the critical layer

20l
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({.e., where the wind velocity is equal to the phase velocity of the wave) occurs in the
transition region just outside the laminar sublayer. .hev demonstrate that to a good
approximation the growth rate of a given frequency ..omponent ® is given by the growth
rate P (w) in the absence of Alm, minvs the damping rate y(w) due to the film. The calcu-
lated growth rate P (w), is not entirely accurate, as it does not take into account the shear
flow in the upper part of the water. Even if this wind induced current is rather shallow (a
few millimeters) its effcct on the short waves (A S 1 cm) may still be of significance.

Rather accurate measurements of the wind-induced growth rates of waves have
been conducted by larson and Wright (1975) in the short wave regime (A from
710 0.7 cm).

Valenzuela (1976) and Kawai (1979) analyzed th'c stability with different models of
the wind Induced shear flow In the water. Both obtained results in fair agreement with
the experimental reaults of Larson and Wright.

Kawai (1979) also conducted experiments showing that the first waves to appear
after the wind has been '‘switched on'’ are those whose wavelength corresponds to the

maximum growth rate.

To get some idea of the threshold wind velocity necessary to produce short waves in
the presence of a flim, we have used the following procedure:

1. We fit a smooth curve to the experimental points of Larson and Wright (see Fig-

ure 13) giving us f (k).

2. The damping rate in the absence of wind, y(k), as given by Equation (15), is sub-
tracted from f} (k) to give an estimate of the net growth rate.

We remark that in calculating the damping rate according to Equation (15) we have
used @ = o, (k) (see Equation (3). This is not quite accurate, because the dispersion
characteristics of the growing waves differ somewhat from Equation (3), due to the shear
flow.

Both the calculations of Gottfredi and Jameson (1968) and the estimate outlined
above (sce Flgures 9-12) indicate that the threshold for wind generation of short
capillary-gravity waves, in terms of the friction velocity w., is somewhere near

25 cm/sec. This Is in good agreement with the experimental observations of Fitzgerald
(1963).

2027
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An carlier experiment by Keulegan (1951) was done in & wind tunnel with water in
the presence of soap. He claims that waves could be suppressed up to us, S 60 cm/sec,

which is greatly in excess of Fitzgerald's figure. Since soap is soluble it is possible that
the concentration (at least in a layer 2 8) would be high enough to drastically increase the

fluid viscosity. Since the wave damping is proportional to v* a factor of increase of
nearly 6 would be necessary to explain Keuligan's figure.
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Figure Captions

1.
2.

R

10.
11,
12,
13,

The ratio B/ C, (in cm/dyne) is plotted vs. the wave frequency (@ (in radian/sec).
Plot of the normalized (w.r.t. the free-surface value) damping rate ¥/, as a function
of o (in radian/sec) for values of the compressibility C, is the range
0.02-0.15 cm/dyne,

Same as Figure 2, for 0.15 S C, < 10 cm/dyne.

Same as Figure 2, with the frequency ® replaced Py the wavelength A (in cm).

Same as Figure 3, with © replaced by A.

Plot of the normalired damping rate y (in radian/sec) as a function of the
wavelength A (In cin), for vaiues of C, in the range 0.02-10 cm/dyne.

Wave “amping behaviour of polydimethylsiloxane heptadecamer monolayer on
water (taken from Uar: i :od Zisman, 1970).

The (dimensionless) parameter B and the spatial damping rate x (in radian/cm) are
plotted vs. the area A per surfactant molecule (in A?%molecule), using a fit to the
nvs.A curve taken from Figure 7, and substituting the resulting compressibility
into the hydrodynamic theory, Equations (13) and (17). ’

The growth rate P -y (in radian/sec) of a wind-generated wave is plotted vs. the
wavenumber &k (in radian/sec) for different values of the compressibility C, (in
cm/dyne). The friction velocity is 4., = 124 cm/sec.

Same as Figure 9, with ue, = 66 cm/sec.

Same as Figure 9, with ue, = 27 cm/sec.

Same as Figure 9, with ue, = 15 cm/sec.

Correlation of growth rate B to wavenumber k, W, o, A, O, Q converted from Fig-
ure 8 of Lamon and Wright (1975); x results of this study for the initial wavelets.
Triction veloctiles in the air ue, ,,, measured at the fully developed stage are given

incovsec, o 8, Kawal, 1979).
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ACOUSTIC and CAPILLARY WAVE SENSING
OF THE MARINE MICROLAYER

John F. Vesecky and Richard G. Johnson

Center for Radar Astronomy, STAR Laboratory
Electrical Engineering Dept., Stanford University

I. INTRODUCTION

Methods of studying the marine microlayer using high-frequency acoustic
waves and short wavelength surface ripples are discussed. Acoustic sensing
is by no means a new technology, but its application to the characterization of
the marine microlayer offers an innovative approach to the study of this
medium. Since this is a completely new way of studying the microlayer, many
of the ideas which we present here are still only suggestions at this stage.
Comments and suggestions are most welcome.

Il. OBSERVATIONAL FUNDAMENTALS

Let's first review what is meant by the marine microlayer. Fig. 1is a
schematic diagram of the microlayer to the extent it is generally understood
today. In our discussion, we will focus our attention broadly on the top
millimeter of the ocean's surface. We particularly are interested in the
surface active substances (surfactants) which affect the transfer of energy
and material across the ocean's surface (e.g. gas, water vapor, momentum).
Dry surfactants are described as oily or fatty surface molecules which consist
of a hydrocarbon chain. the majority of which protrudes above the surface.
These molecular chains are approximately 30 A long and for most practical
purposes. rest on the water's surface. Water molecules below the surfactant
layer may be ordered by the surfactant to a depth of perhaps 100 A. How much
ordering actually occurs i1s a subject of contraversy.
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Wet surfactants, which are much more abundant than those that are dry, £
typically extend to a depth of approximately one micron. These proteinaceous 9,
surface molecules comprise a broad group of substances which largely rest R
beneath the water's surface or protrude only to a minute degree. Ky
Because the scale of the surface layer is so small, we propose the use of v
very high frequency acoustic waves to study its characteristics. Remember /
that the wavelength of a 3 GHz acoustic wave in water is the same L
as that of green light. While high acoustic frequencies offer high 3

al
resolution, they also imply very high attenuation. This seriously limits the

range (distance from source to object) over which an acoustic sensor can
operate. A compromise will be required to balance the tradeoff between .

resolution and range. This is illustrated in Fig. 2. In this figure, the range and By
resolution are plottec for high frequency acoustic waves in water. As
frequency increases, the resolution increases; but the range decreases. We -
think this approach will provide additional information on the elastic
properties of the microlayer as well as insight into its structure and the o
extent of its influence on the water beneath it.

ill. OBSERVATIONAL CONCEPTS USING e
MHZ. AND GHZ. ACOUSTIC WAVES :5_
<

A. Summary of Concepts
&
Numerous acoustic techniques could be used to study the ocean =
microlayer. Each of these has its distinctive advantages and disadvantages; R
some produce horizontal structure information in images while others produce + 2
quantitative measurements of vertical structure without images. Many of i
these techniques are related and combinations of techniques could be useful. In
this report we discuss several promising possibilies. We summarized these -

below in crder of presentation. -]
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+ ACOUSTIC MICROSCOPY - imaging of microlayer with acoustic wave
backscatter

« ACOUSTIC METROLOGY - acoustic wave interference yields
guantitative microlayer information, no images

« INTERFACIAL and WAVEGUIDE MODE WAVES - acoustic wave
propagation in and near the microlayer yields quantitative information

+« NORMAL INCIDENCE, TRANSMISSION & REFLECTION -quantitative
microlayer information from standing wave observations

+ VIBRATIONAL MODES OF SURFACE FILM MEMBRANE - microlayer
membrane probing via observation of vibrational modes

- RIPPLE WAVE OBSERVATIONS - excitation of surface ripples yields
microlayer information via observation of damping & wavelength

B. Acoustic Microscopy
1. Operating principies

We report on acoustic microscopy first because it sets the stage
for subsequent discussions, i.e. the order of the topics is not a priority order.
Acoustic microscopy is relatively new and has found its first applications
within medicine (sonography) and the electronic microchip industry.

The basic idea is illustrated in Figure 3. First, an acoustic pulse is
generated by a piezoelectric film, typically made of zinc oxide which
efficiently converts about 50% of the appiied electromagnetic energy into
sound. As the figure below shows, attached to the film is a lens which
focuses the energy through an acoustic transmission medium, such as water or
hquid helium, at a specific focal point on or within the specimen. The lens
frequently is made of a sapphire crystal with a spherical cavity for focusing
purposes. To remind the reader of the size scale involved, these lenses are
typically some tens of microns in diameter. As acoustic energy is pulsed
through the lens, it is converted to a spherical wave at the liquid/crystal
‘nterface and focused on the specimen by diffraction. Upon striking the
specimen. the aszoustic energy is reflected back through the lens to the
piezoelect,ic film which now functicns as a detector. The power
packscarered from the ‘ocal point is recorded and constitutes one picture
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element (pixel) in the image of the specimen.
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o Fig. 3 Typical configuration for making acoustic microscopy
R, measurements. The lens is a spherical cavity in sapphire (after
e Quate, 1985).
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E;o“' ' Previous research, such as that described in Quate's (1985) review, has

5« determined that smooth surfaces with different elastic parameters will

generate reflected signals that have a distinct characteristic for each

S material. By scanning the specimen in a raster pattern, an image area of 512 x
\:Z{ 512 pixels can be covered in a few seconds. At each point within the area,
‘_;{- typically 0.5 microns in diameter, response signals produce a visual image
‘- whose intensity of contrast is proportional to the acoustic reflection

_ coefficient of the specimen at that point. When the image is viewed as a
| ":1{ whole, the variation in intensity, from point to point, resolves the structure of
"“‘% changes in elastic properties of the specimen along the focal plane.
o Discontinuities are particularly evident.
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Procedures similar to those described here are in commercial use today.
For example, they are used 1o determine irregularities within electronic
microchips, to locate calcium deposits in organs within the human body, and to
measure the thickness of metallic platings. All measurements are made in a
nondestructive manner and without invading the test subject. An example of
high quality microscopy using water as the transmission medium is shown in
Figure 4. The image of a bipolar transistor is clearly shown with connecting

. ..
a
* L

aluminum strips of 2 microns width. ;
2. Applications to the Microlayer ]
Laboratory studies of microlayers using acoustic microscopy may provide K,
valuable information on the variations of elastic properties of surface fiims. j;l
Using appropriate focusing techniques, the film/air interface can be examined . :’
and the resulting image catalogued for a variety of film compositions. As "
with other applications of acoustic microscopy, the acoustic image reveals i
different features than does an optical image. Abrupt changes in the g
mechanical structure of the microlayer, similar to cracks in a solid specimen, <
would be particularly evident as would horizontal boundaries between ;
different types of microlayer materials. This property is illustrated in Fig. 4. £al
Thus acoustic micrographs of the ocean microlayer would show the horizontal 8
structure of the microlayer as does an optical micrograph. This would be :-t
useful in observing the variety of objects imbedded in the microlayer as well 23
as horizontal irregularities. One particularly interesting feature which would ;:-:
presumably be observed would be the presence and nature of cracks or faults =
(as one observes in crystalline solids) and how this faulting proceeds as a ,’;
surface film is compressed. ]
In order to conduct meaningful laboratory studies of surface films, iy
laboratory techniques would need to be developed which will accommodate ¥
these unique specimens. For example, the acoustic beam would probably have ;}-
to be incident from below (rather than from above as is usually the case) so E::
‘hiat gravity can be used to keep the film on the surface. That is, the geometry e
of Figure 3 wou'd have to be turned upside down. An acoustic conducting LY

medium must be selected which will not interfere or interact with the
mcro'ayer specmen  The ocean microlayer fits nicely into a common acoustic e
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Fig. 4. Image of a bipolar transistor produced using acoustic microscopy
with water as the acoustic medium. The connecting lines made of '
aluminum are 2 microns wide (after Quate, 1985).
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microscopy mode with the microlayer floating on water as the acoustic
medium. A scanning technique would need to be devised which would keep the
microlayer specimen fixed while the lens is moved in raster-like fashion. And
finally, frequencies would need to be selected which would allow sufficient
signal to noise ratio and resolve desired detail of the components found within
the surface film specimen.

C. Acoustic Metrology
1. Operating principles

Fig. 5 shows a schematic drawing of a typical acoustic metrology system.
First, we note that the sample specimen is not located at the focus of the
acoustic beam formed by the lens. In this configuration there are two
separate naths by which an acoustic signal travels from the lens to the
specimen and back. Tnere is a narrow central cone of acoustic rays which
meet the transducer at near normal incidence. This is shown as the shaded
area labeled "A." "There is also a second path, labeled B, in which a wave
strikes the sample surface obliquely, couples into an interfacial wave mode,
travels along the interface, radiates out of the interfacial mode and finally
returns to the sensor via an oblique path. The output of the system V(z) is
thus the phase coherent sum of the signals traveling via the two paths. The
parameter z is the source to sensor distance measured along ray path A, but
with z set to zero at the focal distance of the lens. As z is varied, V(z)
exhibits interference phenomerna as the A and B signals change their relative
phase. To couple into the interfacial wave (or out of it) the ray geometry must
be such that a critical angle of incidence (8.) is exceeded. For a system whose

crnitical angle is greater than the half-angle opening of the lens, no interfacial
wave is excited and the resultant signal V(z) is of the form (sin z)/z, expected
for simple focussing alone. This corresponds to the 8 = 302 curve in Fig. 6.
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Fig. 5. The upper sketch shows the transducer-lens system emphasizing
the central cone and the critical-angle cone. The lower sketch is a
ray diagram showing the paths of the two acoustic signals that
interfere at the transducer and generate the V(z) curve
(after Quate, 1985)
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Fig. 6. Typical V(z) curves of acoustic sensor response as the sensor to
sample distance is varied. When the lens half angle 6 is small, i.e. 302,
interfacial waves are excluded and the sin(z)/z or focussing curve
results. When the opening angle of the lens exceeds the critical angle
(8 > 8¢), the interfacial wave plays a role and interference effects

occur as shown in the curve for 8 = 422 (after Quate, 1985).

When incoming radiation strikes the liquid/sample interface at an angle
greater than the critical angle (8,), an interfacial wave (Rayleigh wave) can be

excited which travels along the interface. As the interfacial wave propagates
along the surface, it continually reradiates energy back into the liquid at the
same critical angle. These reradiated components (leaky waves),can not be
distinguished by the sensor from those refiected from the lens focal plane.
When the leaky wave and the reflected acoustic wave are vectorially added in
the transducer, a resultant detector signal containing interference fringes is
produced (Fig. 6) whose amplitude and phase contain information about the
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sample. The interpretation of this interference pattern V(z) is an important
part of the field of acoustic metrology.

We note that an acoustic microscopy image can be produced with z # 0.
This was a great mystery before the role of interfacial waves was discovered.
After much puzzlement it was realized that acoustic images produced with a
sensor-sample spacing z other than at the focus (z = 0) could enhance the
contrast of grain structure in the surface of an alloy (Atalar, 1979). Such 'out
of focus' images may have a role in investigating the horizontal structure of
microlayers.

2. Acoustic metrology technique

The variation of the transducer output voltage V(z) with distance (z) from
the lens to the sample surface has been defined as an Acoustic Material
Signature (AMS). For a system whose critical angle (8) is less than the

half-angle opening of the lens, an interference pattern (consisting of the
reflected longitudinal wave and reradiated leaky waves) results and V(z)
produces an AMS which is characterized by a series of deep voltage minima
having periodic spacing Azy,.

In Fig. 7 Weglein (1985) illustrates a typical transducer output voltage
versus the lens-to-sample spacing, V(z), curve. Notice that the curve contains
three distinct regions; only the central portion contains the
material-dependent information and it is this region that is referred to as the
AMS. The portion to the left of the AMS is the V(z) output observed at a
distance z of less than one-halif the focal length and is caused by acoustic
beam fold-over. The portion to the right of the AMS is the V(z) output
observed at z values which are greater than the focal length and is dependent
on the lens and liquid acoustic transmission medium.
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Fig. 7. Typical V(z) curve showing the Acoustic Material Signature (AMS),
after Weglein (1985).

The quantitative interpretation of the AMS depends on an understanding of
acoustic wave propagation near the sample surface including surface wave
modes. For solid samples the periodic spacing Az depends on the Rayleigh

surface wave velocity (C,) of the specimen surface when C, is sufficiently
greater than the sound velocity in water C,, (where water is the acoustic
transmission fluid between the lens and the specimen). For materials with C,
less than C,,,. the spacing is found to depend on the incident longitudinal wave

velocity. Equations which define the spacing Az in terms of the measureable

Rayleigh critical angle and wavelength are described by Parmon and Bertoni
(1979). They have illustrated the AMS in terms of a ray model.

For solid samples Weglein (1985) has presented numerous case studies in
which he demonstrated that the AMS contains both elastic and absorptive
‘nformation that can be determined through the AMS period Az, through the

peak-to-vai'ey amplitude ratio and through deviations from the nominal AMS
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curve shown in Fig. 7. He has also shown that the use of low-frequency
acoustic energy extends the AMS technique to higher propagating modes than
Rayleigh waves. Both bulk longitudinal and Lamb wave modes have been
observed. An example of such an acoustic material signature is shown in Fig. 8
for a sample in which a thin (8u) layer of Copper resides on top of fuzed

Quartz. Note how the AMS is affected by both the Rayleigh and longitudinal
wave modes.

0 T T T T . f 0

8 um Cu/fused quartz

Leaky Raviegh
V = 3.03 mm/usec

=10+ Freq. = 22 MHz
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Fig. 8. Extended range Acoustic Material Signature showing both Rayleigh
and longitudinal wave modes. The observation frequency was 22 MHz
after Weglein (1985).

Although a comprehensive interpretation of the excitation of these modes
has not been completed, it is believed that further examination may permit
significantly deeper specimen penetration than has been observed previously.
The ocean microlayer is clearly not a solid. However, it has some properties
similar to solids and it is likely that the interpretation techniques for solids
noted here can, at least, be used for gquidance in interpreting AMS's for
microlayer samples. We discuss the interpretation question below.
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3. Application to the microlayer .

To apply the acoustic metrology technique to the marine microlayer
we first need to invent a method of obtaining the AMS. As suggested above, we b
suspect this could be done simply by inverting the customary geometry of Fig. )
3, i.e. putting the acoustic lens beneath the liquid surface pointing upward
toward the microlayer on top of the liquid.

Since the acoustic wave propagation properties of the marine microlayer “
and adjacent water are not well known, no interpretation technique is -4
presently available. What we can do is present and briefly discuss a possible D
hypothesis. Suppose that the atoms of the microlayer influence the water
molecules immediately below the surface or extend themselves below the N
surface as suggested in Fig. 1. Further suppose that this influence creates a N
near surface regicn ‘1 which the mechanical properties of the are different 4
from those of water including a different speed of acoustic wave propagation
velocity. For example, if the influence of the microlayer molecules were to
creat a layer of near surface water with mechanical properties somewhere
between l:quid water and ice, then one would expect a sound velocity
somewhere between water (= 1500 m/s) and ice (= 4000 m/s). One would
expect a significant effect in the AMS for acoustic frequencies such that the
acoustic wavelength in water is at least several times the thickness of the
anomalous layer. Depending on the details of the sound speed profile C(z) near
the surface a variety of wave modes could exist as with the Rayleigh wave
modes d:scussed above for solid samples.

We think the best way to proceed with the interpretation is to obtain some :
experimental data and then try to interpret it. An initial hypothesis for
interpretation would be by analogy with the case of solid samples as in Fig. 7 o
above. Another hypothesis for interpretation would be that discussed in the
paragraph above. Having AMS data in hand for a known microlayer, such as
oleyl alcohol, would suggest methods of interpretation.
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. It is our opinion that acoustic metrology holds great proinise for
e investigating the marine microlayer. First, acoustic methods can sense
N mechanical properties of the microlayer on very small size scales,
1 information which is vitally important in understanding the chemistry and
%0 physics of microlayers. Second, acoustic methods appear to be amenable to
doployment at sea for obtalning in situ information on marine microlayers.
9
':
ol
o
:’2:: D. Interfacial and Waveguide Modes
e
,:::‘ 1. Bistatic mode concept-advanced interference
At
N
_"‘ \ The bistatic mode concept is based on acoustic metrology. The
;} L difference is that in the bistatic mode scheme the basic propagation effects
y are more fully explored in terms of experimental geometry and observables.
1 The basic scheme is illustrated in Fig. 9 below.
7
p -
MICROLAYER
1A
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3
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':::\
2 SOURCE SENSOR
_ r :
:;i' Fig. 9. Bistatic scheme for observing interfacial and waveguide modes {
e propagating in the marine microlayer.
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The source and sensor are separated which allows a wider range of
observational geometries. Aiso a wider range of observables would be used
than is normal in acoustic metrology. Interpretation of observed data would
be done by identifying the several wave modes which could propagate acoustic
energy from source to sensor and then studying the characteristics of the
signals in each mode which are dependent on the structure of the microlayer.
This scheme has elements in common with observations of the Earth's interior
using seismic waves and observations of the Earth's ionosphere using radio
waves. Below we discuss, in turn, observables, variables, wave modes
and interpretation.

In this bistatic scheme signal amplitude, phase and direction of arrival
can be ooserved as v2ll as fluctuations in these quantities. All these data
contain information on the propagation medium, i.e. the microlayer.
Application of bistatic transmission schemes analagous to Fig. 9 have been
used on much larger size scales with acoustic waves in the ocean (acoustic
tomography) and with radio waves traveling through the solar corona (Tyler et
al., 1981). The signals directly reflected from the surface or traveling
horizontally between source and sansor could be used as references in
measuring the observables mentioned.

A number of variables are in the hands of the experimenter in this schems.
Both wave frequency and experiment geometry are very important. The signal
path could also be selected to some degree by using a directional source
and/or sensor. A single source could also provide signals for several sensors
to obtain information on the spatial variation of microlayer properties in the
horizontal plane. The particular microlayer material being observed is another
controlable variable. For example, different types of artificial microlayer
material could be used. like oleyl alcohol or tetradecanol.

Since the structure of the microlayer is not well known, difinitive models
of acoustic wave propagation modes are likewise not well known.

Nevertheless, there are several modes which are likely to be present based on
experience with acoustic metrology of solid materials and theoretical
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hypotheses. Rayleigh type, interfacial waves are commonly found to propagate
along the interface between two media with different mechanical properties

as are lateral waves (sometimes known as head or surface skimming bulk
waves). One might also expect to find ducted waves in the microlayer medium
if the influnce of the surfactant molecules produces an appropriate variation

of acoustic velocity with depth very near the surface.

Interpretation would be expected to rest upon observing a particular wave
mode and then relating the signal observables to the characteristics of the
medium which control propagation in that wave mode. Further, one can
examine the variation of these observables, namely wave speed, amplitude,
phase and direction of arrival with variables, such as frequency, which are
under experimental control. For example, the cutoff frequency of a mode
would be expected to be related to the thickness of the microlayer. Here
thickness would refer to the layer in which acoustic wave propagation
properties were different than ambient water. Rayleigh, lateral and ducted
waves could all be interpreted in this way if they, in fact, exist in the
microlayer. Fluctuations of the observables and interference between modes
could also yield information. As mentioned above, these types of
interpretation have been in use in geophysics for many years, albeit on a much
larger scale, and much of our knowledge of the Earth's interior rests solely on
such observations and interpretations.

E. Normal & oblique incidence-transmission & reflection

This method relies on the interference between an incident beam and a
reflected beam to form a pattern of standing waves would would be observed
in terms of strength, wavelength and position (phase). The idea is illustrated
in Fig. 10 below. This scheme is a simple variant of the bistatic scheme in
section D. above.

Q_, The incident beam and the energy scattered directly back from the surface
would interfere to form presumably the strongest standing wave. Energy
" scattered from other levels in the microlayer would again interfere with the
o incident beam to form other standing waves of different strength and position.
f:ZI These several standing waves would be superposed and the resulting standing
'"j? wave observed by the sensor. Interpretation would involve developing an
)
&
::n.
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Fig. 10. Standing wave method for acoustic sensing of the microlayer.
Sensor moves vertically to explore region of interference
between incident and scattered waves.
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hypothesis for microlayer structure, e.g. a series of scattering layers at

varying levels. This hypothesis would then be used to construct a model with a
number of parameters, such as the levels (z coordinate) and scattering
strengths of the several layers. This model would then predict the standing
wave to be observed. Prediction would be compared to observation with the
goal of determining the parameters of the model and confirming or rejecting
the hypothesis.

F. Acoustic drum scheme

This scheme exploits the variation of drum head vibrational modes with
properties of the drum head material. This scheme is illustrated in Fig. 11
where a sample of the microlayer material is collected on a ring as in blowing
soap bubbles. The thin membrane is excited and the vibrational modes
observed. The characteristics of the vibrational modes are dependent on the
mechanical characteristics of the microlayer material in the membrane. Thus
observation of mode characteristics enables one to infer microlayer
properties.

The microlayer material would be collected by dipping the ring through the
ocean surface and withdrawing it in much the same way as microlayer samples
are collected on a prism. The excitation could be done in several ways, for
example by an air jet or by using electrostatic forces induced by applying an
electric potential between the microlayer and the exciter.

Sensors to observe the motion of the drum head would be placed at
several locations appropriate to the pertinent mode characteristics. These
sensors would probably be electrostatic in character sensing the change in
capacitance between the sensor and the microlayer. Although we have shown
simple point sensors in Fig. 11, sensors of other shapes could be used, e.g. to
average over an annulus at a given radial distance.
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Top View

Membrane of
Microlayer Material

Sensors ——;__l

EXCITER

Side View

Fig. 11. Acoustic drum sensor for the marine microlayer.
Exciter stimulates vibration of the drum head consisting
of microlayer material. Sensors observe vibration modes
which are dependent on properties of microlayer material.

Interpretation of the observational data would be in terms of the mode
characteristics as the excitation frequency is varied. To give a simple
example suppose the excitation frequency is varied until one obtains the
displacement associated with a zeroth order radial mode. The excitation
frequency and the size of the circular membrane then imply a mechanical wave
propagation speed for the microlayer material. This speed then implies
certain mechanical properties of the microlayer material. A satisfactory
theory of mechanical wave propagation would be necessary for interpretation.
While the theory of vibration of circular membranes is well in hand for a thin
membrane of homogeneous material; e.g. see Croxton (1974) and Pennington
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and Stetson (1968); it is presently unknown how well a sample of marine

qody microlayer material would correspond to this simple model.
¢2$
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yat
ff'. 3 IV. GENERATION AND OBSERVATION OF RIPPLE WAVES
3 :;: Perhaps one of the most appealing ways to sense marine microlayer is to
?: .;;:: observe the effects of the microlayer on short gravity-capillary ripples with
‘~I wavelengths of the order of mm's to cm's. We point out that these short
At wavelength ripples form a crucial link between ocean surface films and
e remote sensing observations. Marine microlayers strongly damp such surface
:::‘:{:i ripples and many remote sensing methods, such as synthetic aperture radar
::%“' (SAR), respond primarily to the ocean surface roughness which these ripples
e constitute.
b Eat )

¥ It is well known (Phillips, 1977 or Craper, 1984) that surface films such
':;ﬁ:;f as the marine microlayer strongly damp surface ripples of the order of mm's
';-i:;:f to cm's and that the damping is dependent on the properties, concentration and
R temperature of the film. Further, the dependence of wavelength (1) on

v frequency is also affected by surface films. In the study of wave propagation

_\}j the dependence of wave properties on wave frequency is formalized in terms
[ :-?_ﬁ of the complex dispersion relation k(w), where k is the complex wave number
‘\i’:'f and w = 2rf, f being the wave frequency in Hz. The real part of k(w) contains

a the dependence of wavelength on frequency A(w) as well as the dependence of
: : group and phase speed on frequency. The imaginary part of k(w) contains the
‘*\f dependence of the wave damping coefficient on frequency.
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b
:-' Fig. 12. Schematic view (in cross section) of a scheme to measure surface film
properties by observing the dependence of wavelength and wave

- damping on frequency, i.e. the complex dispersion relation k(w). The
I dispersion relation is dependent on surface film characteristics.

A

o

- The observational part of this technique involves the generation of short

b wavelength ripples (A = mm's to cm's) and then observing their wavelength,

"

;;; speed, damping, etc. at a number of frequencies, i.e. observing k(w). There are

) a variety of techniques for generating ripple waves. For example, an slectric
motor driving a piston, a piezo-electric crystal and puffs of air blowing on the

o water surface have all been used. Selection of the best generation technique
:;Z; would involve consideration of the environment and power available on a small
- buoy as well as wave generation capabilities.

N

v

TN

2137




e

." Y

8

AR

d

Vool

i

~. Observation of surface waves can likewise be done in a variety of ways. In

L the diagram we have shown a new techniques using short wavelength acoustic

"'}.::j waves in water. Because the range is so short in this situation very short

}_" wavelength acoustic waves can be used as suggested in Fig. 2. At these short

wavelengths highly directional beams can be generated using rather small

::53" X devices, see Figs. 3 and 5. Normal incidence scatter of very short wavelength

::& ) acoustic waves would supply information on the surface elevation which

:;. would in turn provide wave characteristics over a period of time, just a

e resistance wire wave gage does. The oblique incidence method relies on the

o strong scattering which has been shown to occur when the acoustic waves are

o) resonant with the surface waves, i.e. the horizontal component of the

X Q wavenumber of the sensing acoustic waves matches the the wavenumber of the

". surface ripple waves. This resonant scatter is often referred to as "Bragg

s scatter” because of the analogy with Bragg scatter from a crystal lattice. In

e both normal and oblique incidence cases the doppler shift of the received

N signal can be used to obtain further information.

e

it,i:'-: Interpretation depends on inferring microlayer properties from observaton

e of k(w). The dispersion relation k(w) depends on the presence of a surface film

Nl and its concentration, characteristics and temperature. The relationship

'-‘;Ii between k(w) and surface films has been studied in some detail, e.g. by Phillips

l.’ E; (1977), Yermakof et al. (1980), Craper (1984) and Nelson (1985). These

Rt studies have all been with the 'forward’ problem in mind, i.e. given a

v ~. microlayer with certain characteristics, deduce k(w). Here we are faced with

K ::j the inverse problem of determining microlayer properties by observing k(w).

N ,"}: Very little work has been done on this inverse problem which is essential to

}:L V! successtul measurement of microlayer properties by observing propagation of
ripple waves. However, it seems clear that at least some basic microlayer
properties could deduced from k(w), in particular the presence of the
microlayer (as opposed to clean water) and the surface tension.
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V. SUMMARY and CONCLUSIONS

This report suggests several techniques for measuring the properties of the
marine microlayer. All of them involve the use of high frequency acoustic
waves in the tens of MHz to GHz range. In water, acoustic waves at such high
frequencies have the very short wavelengths required to resolve the very
small size scales of the microlayer. Below we list these suggested techniques
with a very brief description. The list is in order of presentation above.

« ACOUSTIC MICROSCOPY - imaging of microlayer with acoustic wave
backscatter

« ACOUSTIC METROLOGY - acoustic wave interference yields
quantitative microlayer information, no images

« INTERFACIAL and WAVEGUIDE MODE WAVES - acoustic wave
propagationr in and near the microlayer yields quantitative information

- NORMAL INCIDENCE, TRANSMISSION & REFLECTION -quantitative
microlayer information from standing wave observations

- VIBRATIONAL MODES OF SURFACE FILM MEMBRANE - microlayer
membrane probing via observation of vibrational modes

- RIPPLE WAVE OBSERVATIONS - excitation of surface ripples yields
microlayer information via observation of damping & wavelength

Although these techniques are still only suggestions at this stage, we
think that two of them show particular promise for in situ (and laboratory)
investigations of the marine microlayer. Acoustic metrology responds to
the mechanical properies of the propagation medium on very small and
localized size scales. This is just what is needed to investigate the physical
structure of the marine microlayer. For example, this technique can probably
resclve the issue of the depth to which the microlayer molecules influence the
mechanical properties of the ambient ocean water. Further, acoustic
metrology techniques appear to be adaptable to in situ ocean use. The
application of acoustic metrology to investigation of the microlayer is new
and will require significant research effort to bring to fuition. We think such
an effort is worthwhile in view of the unique measurement capabilities of the
technique.
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The ripple wave generation and observation technique is less novel,
but we think shows significant promise in terms of making basic
measurements of the marine microlayer in situ. We believe the physics of the
technique is soundly based and that a viable implementation of the method on a
buoy is possible. The illustration and discussion of the method given here is
necessarily brief and simple. Further research is likely to result in more
clever schemes for generation and observation which can produce a robust and
useful instrument for very basic measurements, e.g. surface tension. We also
point out that these short wavelength ripples torm a crucial link
between ocean surface films and remote sensing observations.
Marine microlayers strongly damp such surface ripples and many remote
sensing methods, such as synthetic aperture radar (SAR), respond primarily to
the ocean surface roughness which these ripples constitute.
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N On the Surface Response Properties of the Microlayer
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. Cleveland, OH 44106

[ ABSTRACT

4 The surface chemistry of the microlayer involves questions of

N structure, dynamics and function at both the microscopic and

) macroscopic levels. One ultimate goal is to understand the function

S of the microlayer in remote sensing applications. This essay builds

/ on two tools for understanding structure and dynamics on the
microscopic scale; Brownian dynamics and synchrotron generated

\ x~-ray scattering and reflection from the interface. The former is a

K~ simulation method from which structure and dynamic information can

b be estimated. 1In particular surface density distributions,

TS isotherms and surface visco-elastic coefficients can be estimated.

N Behavior of polymer surfactants can be investigated. The x-ray

techniques depend on the high brilliance of synchrotron sources to

allow investigations of the surface structure of liquids and

- monolayers on the microscopic scale. These measurements and

5 simulations yield information that is useful in understanding the

- molecular reasons for the magnitudes of surface tension and the

. surface visco-elastic coefficients determined experimentally. A

i tool for understanding the macroscopic behavior of the surface film
is that of surface profile fluctuations. The theory of surface

" fluctuation spectroscopy is discussed for both the constant wave

W number case of capillary waves generated by thermal fluctuations and

M the constant frequency case for driven waves. The experimental

: design aspects are discussed for measuring surface fluctuation

- spectra and therefore the estimation of surface tension and the
surface visco-elastic coefficients at the site of the ocean

( microlayer measurements. We conclude that an instrument can be

. developed for ex situ measurements; ship motion under conditions for
‘N which there is a sea film can be tolerated (calm seas, wind

ff conditions of a few meters per second or less). The instrumentation

M can be adapted for in situ measurements in calm seas providing that

' a sufficiently stable boat or raft is available or can be designed.

* Active-control technology will be required to stabilize the

- measurement platform and optical components with respect to the

M surface of the sea. The light scattering technique will also

- measure surface velocity fields as well as the surface tension. The

. effect 1s similar to laser anemometry that depends on the detection

L of the motion of particles. Some of the obvious problems in
implementing the in situ work are discussed. I invite the

b microlayer community and the remote sensing community to provide

L suggestions for the solutions of several practical problems

o discussed herein.
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1.0. INTRODUCTION

Of the first one micrometer of a vertical water column in the

ocean, the microlayer, only the top 1 to 10 nanometers (1oX to 1003)
can be considered the surface or near surface separating the liquid
and gas phases. When bare of organic films, the transition region
between the liquid and gas phases is only a few water molecules
thick. Moreover, volume phase behavior obtains at depths beyond
which the anisotropy of the interface (cylinder symmetry with the
cylinder axis along the normal to the interface) no longer affects
the liquid structure in the neighborhood of a test water molecule.
This effect extends through 5 to 10 molecular distances so that
water molecules about 5nm from the surface will appear to be in a
homogeneous medium. Similar statements can be made when surfactants
are adsorbed (or spread) at the interface.

Long-chain polymers can sh' ' surface effects beyond that range
simply because the motion of di _erent groups along a chain may be
correlated by the existence of chemical bonds (the primary
structure) along with non-bonding intra-molecular forces that lead
to secondary structure. Thus polymer segments may be strongly
adsorbed to the interface with loops formed by other segments that
are not so strongly adsorbed. In an average sense, polymer
adsorption involves a significantly larger interfacial region than
when water molecules alone form an interface in liquid-vapor
equilibrium. The scale does not change greatly for pure water when
electrolytes are added; with polyelectrolytes adsorbed at the
interface intermolecular and non-bonding intramoclecular forces due
to ionization can be modified greatly by the ionic strength of the
solution and its pH.

It is also true that hydrodynamical effects of surface
structure have a much longer range than 10nm into the water column:
the first few micrometers (um) show distortion of velocity fields as
a result of the adsorption of surface-active molecules (surfactants)
into the interface. 1In contrast to molecular properties of the
interface, this effect is relatively easy to compute as the result
of a boundary value problem. The mass, momentum and energy balances
at the surface provide boundary conditions that along with certain
continuity conditions for the fields that satisfy the volume
equations of motion yields solutions that show explicitly the
long-range, hydrodynamic effects of monolayer properties.

It is important to note that surface density, surface tension
and surface visco-elastic properties must be known before much can
be said about that part of the mechanical behavior of ocean waves
that results from the microlayer. Moreover, it is well documented
that beyond wave lengths of a few centimeters gravity dominates
surface tension as a restoring force (gravity waves); surface
tension dominates gravity for wavelengths below about 1mm (capillary
ripples).
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The experimental evidence developed in various studies of *.iu
ocean's surface by remote sensing argues that microlayer effects are
important even for observation techniques that should be insensitive
to the structure of capillary ripples. This apparent contradiction
provides a strong motivation for investigating the structure,
dynamics and function of the microlayer. In particular, this paper
is an essay on the structure and dynamics of the interface that
should be measured, with an emphasis on light scattering techniques
and theoretical tools that can be useful in understanding the
function of the microlayer in the context of remote sensing. Refer

to my paper in Langmuirl for details that will not be repeated
herein.

2.0. STRUCTURE

Think of the structure of the liquid vapor interface from the
viewpoint of molecular density distributions; p(?,t)dv is the number
(or the mass) of molecules at X in a small volume dV. The density
can be defined for each component, pi(;’t) i =1,2... where by

convention the first component will be water. Then by definition
the excess of the given component, Fi, is defined by

+00 R +
ry =j (p;(X,t) - p; )dz (1)

-0

where pii is the density "far” from the interface. The concepts
used here can be found in Adamson's textbookl. In particular, the
idea of a Gibbs surface is required. Since at some surface parallel
to the interfacial region pi+ switches to pi—, the integral, eq. (1)

must depend on the location of that surface. The commonly used
convention of taking Fl = 0 as the definition of the Gibbs surface

will be used herein; the excess of water is assumed to be zero.
Recognize that the average pi(;’t) is continuous through the

interface although its gradients may be large there. This behavior
has been studied by molecular dynamics, by statistical mechanical
formulations, and now by x-ray reflectivity.

Since equation (1) is written as a function of time, the
implication is that in some sense it is correct for non-equilibrium,
dynamical systems. This is the case when the interfacial thickness
iz sufficiently small that the characteristic distance hc in
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is small compared to the hydrodynamic length scale, e.q. Ar, the

ripple wave length. This is surely the case when hc ¢ 10nm as is
the situation for temperatures far from the critical temperature.

Similar formulas can be constructed for the surface tension or
surface pressure and for the surface tension tensor. Thus it is
possible to connect directly the continuum field variables of

]

Fi,vi , the surface tension 7 and the surface pressure tensor, 1.

It is also possible to construct formulas for the surface
visco-elastic coefficients from general principles of statistical
mechanics. Such connections provide a path for interpreting
measurements of isotherms and visco-elastic coefficients as implying
the existence of possible surface structures. For example, the
magnitude of the dilational elastic modulus of a monolayer along
with the isotherm can be taken as evidence that the monolayer is in
a particular state, e.g. the solid state. However, such data is not
sufficient to decide whether the monolayer is a two-dimensional
crystal or a disordered solid.

I will briefly describe a theoretical tool that is valuable for
connecting molecular structure to macroscopic variables and close
this section by mentioning various experimental techniques for doing
the same thing.

2.1. Molecular Structure by Theoretical Methods.

It is now possible to do useful simulations of the effects of
molecular structure on the macroscopic properties of monomolecular
films. The density distributions of surfactants can be estimated in
detail including questions about thickness of the interfacial region
when polymers are adsorbed. Conditions under which two-dimensional
2,3

I

phase transitions might occur can be investigated. Tjatjopoulos
in this laboratory, determined how to integrate accurately (third
order in space, second order in velocity) the Langevin equation,
equation (3), for molecular force laws and realistic constraint
potentials under a variety of conditions. While starting with
various published algorithms, see references in 4,5,6, he greatly
improved the accuracy by which trajectories are computed subject to
constraints of various types. This is not the place to describe
these technical details. However, a brief resume will hint at how
these simulations have the potential of expanding our understanding
of the structure and dynamics of the interface that the microlayer
contains.
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The trajectories for the phase space (the space of all
positions and momenta) of the surfactant molecules are computed from
coupled, ordinary differential equations of the form

dvi 5 - - -
Mi I = —§ iij.vj + Fi + FiE + 6Fi (3a)
-
dxi 5
at ~ Vi (3b)

In this equation M, is the mass of the ith molecular fragment, 3i is

-

the velocity, § the friction coefficient tensor, Fi is the force

that each fragment responds to as a result of contributions from
every other fragment including intermolecular and intramolezular
—

forces, FiE is the force a fragment responds to due to the density

ij

—*
gradient at the interface and finally 6Fi is the fluctuating force

caused by the background of water molecules. Another term
accounting for external fields may be added but is not relevant to
this essay.

At this time, a rather drastic approximation is made for the
friction coefficient tensor, € The sum is replaced by either
érna (stick boundary condition) or 4wna (no-stick) where a is the
radius of the fragment and n the macroscopic viscosity of the
solvent. Better approximations are known but the computations are
far less efficient. The penalty is that macroscopic properties such
as the surface diffusion coefficient and the surface viscosity
coefficient will be poorly approximated; the results will be correct
at least to order of magnitude. However, thermostatic properties do
not suffer by this approximation,

ij”

The molecular structure of surfactants enters in the details of
- -

Fi and FiE'
strings of beads of the sort developed in the simulation of polymer

It is practical to represent surfactant molecules as

motion4. our model for the interaction of surfactant molecules is
considerably more detailed than Kox, et al5 and extends the model of

van der Ploeg and Berendsen® in several important ways. Firstly the
integration algorithm is considerably improved, secondly the
intermolecular and intramolecular potentials are now more realistic
in my opinion and lastly, the potential that a molecular tragment
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responds to near the interface is represented by a much more

realistic potential3, described next.

In essence the potential that a polar group must respond to
when moving toward the interface is zero until when within a few
molecular dimensions of the interface, the fact that the gas phase
provides fewer molecules interacting with the polar group generates
a potential well. The potential well is shallow, only a few KT
units deep. If the polar group moves toward the vapor phase it is
repulsed by a barrier as should be expected. A non-polar
hydrocarbon fragment behaves in the opposite way with a weak
attractive well on the vapor side of the interface and a barrier tc
penetration into the polar phase. The model for this behavior
allows adjustment of the height and location of each barrier and the
depth and location of the potential wells.

In essence the hydrophilic-hydrophobic balance can be adjusted
to provide realistic behavior of monolayers including
adsorption-desorption and segment effects of polymer surfactants
including looping away from the interface.

The following properties can be calculated from the
trajectories {Qi,3i} collected after enough time steps have been

computed in the simulation to reach equilibrium:

a. One may plot and therefore study distinct states as the
ensemble evolves in time. A proper graphical representation
as for example, an isometric 3D projection, reveals the
configurations that are favored. Are the chains kinked? Are
there polymer loops out of the interface? How long do they
persist? Does desorption occur? Are there slow changes in
configuration?

b. Isotherms can be computed. Conditions for phase
transitions can be detected but unfortunately the states
close to phase transitions involve fluctuations in structure
larger than the control volume set in the simulation. The
control volume is limited by the number of particles that can
be followed in a given sequence of time steps. This
limitation is imposed by the memory capacity of the computer
and the number of time steps that can be executed within the
limit of the CPU hours available.

c. Various density functions can be computed that are useful
for understanding structure; polar group distribution in the
Gibbs surface, chain tilt, chain order parameters,
distribution of various fragments along the normal,...

d. X-ray diffraction structure factors and interference
functions can be estimated.

e. The surface pressure tensor and the two-dimensional
elastic moduli can be estimated.
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Certain dynamic quantities can also be estimated and they will
be mentioned in a later section.

2.2. Molecular Structure by Experimental Methods
There is a lack of experimental methods for determining the
molecular structure of monolayers and what "established" methods

there are were described in my Langmuir paperl. A new experimental

method was recently suggested by Zare7 that could be useful in the
study of microlayers. I will also briefly describe the x-ray

(synchrotron source) technique developed by Pershan and Als—Nielsen8
since it is the only scattering technique that is capable of
resolving monolayer structure on the scale of 0.1nm to 2nm.

The very high brilliance of synchrotron radiation can be used
to advantage in measuring reflection and scattering properties of
liguid interfaces and thereby resolve structure on the molecular

scale. Pershan and Als-Nielsen® measured the intensity of x-ray
photons reflected by (octyloxy)cyanobiphenyl in the liquid state
close to the isotropicy/nematic liquid crystal phase transition.
Their scans were to both sides of a characteristic wave number

(1.989nm 1) that corresponds to 0.5nm in direct space. They found
that the x-ray reflectivity followed the Fresnel reflection law
until the characteristic wave number was reached wherein deviations
were found that could be related to structures in the interfacial

region. More recently, Pershan10 has published on the x-ray
reflectivity of water. They found that there was no special
structures resolved close to the interface. Moreover, they
estimated that the mean square elevation of the surface fluctuation
was about 0.337nm. This number is consistent with light scattering
results for photons of much longer wave lengths (514nm, 632.8nm).

In my opinion, our understanding of the microlayer structure
could be enhanced by two studies involving synchrotron radiation.
Firstly, the surface structure should be determined for aqueous
solutions of electrolytes including native sea water free of
surfactant. I anticipate that little if any structure will be
found; the results should parallel the pure water measurements.
The use of so~called structure makers and structure breakers are
likely to be ineffective in changing the surface structure of water
but the situation must be resolved experimentally. With this
background, the reflectivity of microlayer samples will be most
interesting to explore. Film balance experiments similar to the

ones reported by Barger and Means9 can be done as x-ray reflectivity
data is collected. That is, structure information can be gathered
as a function of film density. Moreover, fluorescence yield
measurements can be made as a function of the incident wave-length
and incident angle of the x-ray beam. These data provide additiona)
information about structure including information about
near-neighbor distributions through EXAFS, for example.
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In principle spectroscopy techniques such as Fourier transform
infrared (FTIR) can give considerable structure information.
However, even though impressive advances have been made, FTIR is
till not sufficiently surface sensitive for investigating naturally
occurring surface films. Similar comments obtain for other
spectrometric techniques.

Zare7 has described an interesting new experiment that would
use the very sensitive de_ection of capillary waves that is possible
with optical interferometry. The idea is to illuminate a pat *h of
surface with a beam from a tuneable laser. Just as in
photo-acoustic spectroscopy, when the frequency of the incident
light beam corresponds to quantum transitions in adsorbed molecules
there will be absorption resulting in micro amounts of heat
transferred to the interface. The result then is a change in the
surface fluctuation amplitude which can be detected by a number of
different methods. Since the incident beam can be pulsed, coherent
detection methods can be used to improve the signal to noise ratio.

To my knowledge, this experiment has not been done by Zare's
group but it is clear that it should be attempted using state of the
art laser technology and capillary ripple interferometry.

3.0. DYNAMICS

3.1 Capillary Ripple Theory and Light Scattering.
There are several reviews of capillary ripple theory from the
viewpoint of surface chemistry and they will only be cited

11,12,13,14

herein. Several authors have attempted to develop the

theory of these waves from the viewpoint of continuum mechanics!?! or
"rational mechanics"; this approach will not be discussed. Rather,
the emphasis will be on the amplitude function defining deviations

away from a Gibbs surface.
Define the surface by the transformation

X = X

2 { Yy =Y (4)
¢ =C(x,v,t)

It is Fourier components of this elevation, ((x,y,t), that are
observed in the light scattering experiments from which estimates of
the interfacial tension, v, and also certain visco-elastic
coefficients can be computed. The irradiance in the far field due
to scattering is proportional to the square of the electric field
which in turn depends on { through its Fourier components in wave
number space. Moreover, it is the elevation that is determined in
the method of forced capillary waves wherein what amounts to a
Fourier decomposition in frequency space is analyzed. This duality
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is worth developing just a bit farther so as to provide the context
from which instruments can be designed to measure the surface
tension of the ocean in situ.

First consider the light scattering experiment as shown in
figure 1A. It is possible and necessary for any ocean experiment
that the reflected beam be analyzed rather than the transmitted beam
shown in figure 1A. The analysis of the reflected beam differs
little from that of the transmitted beam and the differences are not

Edwards et. 15 a1.16

and before them Hard et. al.17 have analyzed the spectrometer
wherein the reflected beam is observed in the far field. The only
point to recognize is that the geometry of the grating and the
spatial filters determine the wave length of the ripple modes

observed at the detector. Define the wave number q = 27/A

important for this essay. al. and Lading et.

ripple
then the finite Fourier transformation of the elevation in a bounded
patch of surface is

ig.%
C(x,y, t) = d-

3 (g e (5)

q

The autocorrelation function of the photocurrent generated by a

square-law detector in the far field 1515’16

(6)

N

R (K ,T) = f dq,, J dg, < {37 (o) Lg(r) > F¥(k, - q,,q,)

where F is an instrument function that is sharply peaked at ke = q,

and qy = 0 when the incident beam is of large cross section. Under

practical conditions, F contributes an excess time damping over that
expected from the autocorrelation function of the elevation,

<§;(t)§q(t + 1)>. Fortunately the frequency of oscillations in

%*
Ri(ke,T) and <§q(t) Cq(t + 1)> for q = ke are nearly the same so

that the surface tension can be accurately determined under field
conditions even though the width of the spectrum is distorted.
Moreover, the parameters in the function F which includes the beam
diameter at the surface, the angle of incidence and the effective

grating wave
accurately.
the apparent

details that

number as seen at the surface can all be estimated
It has proven possible to determine corrections to both
frequency, w and mode damping frequency I'. There are

are better left to paper citations.ls’16

The relationship between <§&(o) (q (t)> and the several visco -

elastic coefficients of interest, including the surface tension and
a complex dilational-type of elastic coefficient is determined by
nacroscopic equations of motion. Moreover, adsorption and other
dynamics can also be determined for processes with characteristic

- -s\,-v—‘-.-x L Youmme v Y T Y,
L v




relaxation times in the frequency ranges probed by the spectrometer.
These same coefficients are determined in the forced wave experiment
wherein o is fixed and real. Both the theory for the correlation
function in time (constant g, complex w) and the wave form in space
(constant w, complex ) begin with the equations of balance in the
surface and the volume phases.

The computation of the response of an interface to either
forced or natural fluctuations is based on the field equations of
fluid mechanics which express conservation of mass, momentum and
energy. Since the fluctuations considered are of small amplitude
compared to the wave length, the linearized form is sufficient. 1In
addition there are certain boundary conditions, such as the
continuity of velocity at the interface, that must be involved in
solving the equations of motion. The linearized balance equations
are given next:

Surface:
- -
Mass or. s _ _ (7)
atl + vz.rivi = n.[Ji]
for components 1,2,...,N
Momentum
azg azg A A
Normal component; O = ~v( > + 2) - n.[P]l.n (8)
a dy
Projection onto the surface; 0 = Vy.Q - ﬁ.[g] -Un (9)

Where Fi is the excess of the ith component, 3? is the velocity

field on the susrface, 3i the volume flux and [3i] the jump of the
volume flux at the surface (the adsorption flux), P is the pressure
tensor in the volume phases and [P] its jump across the surface and
S projects the result onto the surface. Finally ¢ is the surface

tension tensor.

Volume (one set for each phase):

Mass: Qﬂi + v.3. = 0; v-vV = 0O (10)
at
Momentum; QU = - v.P + p? (11)
Pat B
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where Ji is the volume tlux ot the 1 component and f the volume
force, (gravity, electrico tield, etc.,. <Convection is ignored in
(12) but cvan be adde.l wit'hout ruch compl..«tion.

1t is not necessary to develop these cquations in any detail
tor what 1s to come but several remarks are appropriate.
Temperature gradients are excluded only because isothermal systems
have been the special focus of the surface chemistry community; the
etftects of thermal gradients may need to be included in the
formulation for in situ experiments on the ocean. The normal
component ot the momentum transport at the surface is a generalized

form of the Laplace eguation of capillarityz. The surface pressure
(n = o T T g the surface tension for Fi =0, 1i=2,3...with I_ =

1
o) 1is commonly measured in film balance experiments.l’2

A constitutive equation must be set down relating the surface
stress to the surface strain and time-rate-of-strain. In the linear
response approximation and for cylinder waves moving in the x
direction.

o =n+(é+1‘<)uxx+(ﬁ+f)u

xx (12)

XX
where by construction the deviation away from the uniform state
charactized by I and I' constant everywhere is represented by the

elastic coefficient K = G + K and the viscosity coefficient K, = n

+ (. The coefficients G and K are the shear and dilational elastic

moduli and n, { are the shear and dilational viscosity coefficients
respectively. For isotropic systems this equation can be
generalized to model the non-linear response of monolayers by taking

G, K, n and { as functions of the invariants of the strain and
time-rate-of-strain; higher order terms in the strain u and
time-rate-of-strain U can be telescoped to the first order terms in
two-dimensions.

The monolayers found on the ocean and measured ex situ appear

an
ar

to be in expanded states for which K =T is of a modest magnitude;

o
[

Barger and Means9 report 14-20d/cm. These monolayers are

:ﬁ undoubtedly at best liquids so that the shear elastic coefficient,
< S
] G, is zero. Moreover, the state is likely such that n the shear
s “ -
:ﬁﬂ viscosity of the monolayers 1s lignorable when compared to {, the
N dilational viscosity of the monolayer.
\..';"\.‘
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The Fourier transorm in time of the constitutive equation gives

Tux = (ke - lwkv)uxx (13)
It is convenient to write
E = k, - iok, (14)

as the complex surface visco-elastic coefficient. As the Lucassens

have shownlz'ls, considerable detail can be built into E about

monolayer relaxation processes including reorganization of the
monolayer as well as exchange of material with the substrate. Some
of these details are developed in Lucassen's paper in this volume
and other results are given in citations therein and in review

11,12,13,14,18
papers .

When g is constant so that <§q(o)§a(r)> is computed as in the

light scattering experiment, the response function formulation
provides a convenient pattern for solving the boundary value problem
implicit in the physics of fluctuating interfaces. First the field
equations are mapped from space-time variables to wave
number-frequency variables by a Fourier transform on the space
variables and a Laplace transform on the time variable according to

© +00
D

Te= L e = J dat J ax eldTxTSt ... (15)

0 - 00

where s is the Laplace transform variable. The conversion to
frequency is by the substitution s«iw at the appropriate point in
the construction of the spectrum of the fluctuations. Note

carefully that only the inplane space components are transformed, x
= (X,y): z is not transformed.

The process can be illustrated by simplifying the problem
slightly; assume that the instrument function is sharp enough that F

is non-zero only when a, = ke and qy = o. In that case cylinder

waves, generated by thermal fluctuations, moving in the x direction

Lo are detected with amplitude Cq (t). The velocity field can then be
) X

) written in terms of stream and potential functions, ¥ and ¢

respectively. So far as I know, this is a new derivation of the

response function but the results are the same as quoted in several

referencesll’lg. Again for simplicity ignore monolayer effects so
that only the generalized Laplace equation of capillarity is
relevant. The generalization is easy but tedious:; the appropriate
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formulas are available in the literature, see references 11, 14, 19
and references therein.

When represented by the scalar functions ¥ and &, the
components of the velocity field are

_ 38 _ov _ o, v
Vx T dx 3z and Ve T 5z T 3x (16)

Substitution into the continuity equation for the volume phase and

the momentum balance gives the three equations VZQ = 0,
v _ ng2 8% _
% = pv ¥ and PFE =

by the wave motion.

AP where AP is the pressure variation caused

The approximation of incompressible flow gives, after
transforming (only the space variable x is Fourier transformed, z is
not transformed)

= -qg"%=0 (17)

with the boundary condition that E&m V=o

¢ = ¢(q,s)e??, gro (18)

The equation for the stream function is

= pv¥; v =n/p (19)

I
[ad b3

So that with the boundary condition of %;Q Vv = o and the initial

condition Wq(z,O) = 0 the solution of the transformed equation
v (z,0) = n 3% - e 9 + )7 (20)
P 622
is
¥ = J(q,s)em (21)

.
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2 where m = 3q2 + Sp ,Rem > 0 (22)
n i
i
so that m is the root with positive real part. Note that an initial
condition of wq(z,o) = o was chosen. The rationale for this choice
was discussed by Nelkinlg. Finally the pressure drop, Ap is given -
by
¢ (z,0) + s& = AP (23)
q P
Again the initial condition Qq(z,O) = 0 is chosen for reasons cited

in Nelkinlg.

Substitution into the momentum balance equation for the surface
assuming v+g = 0 for the a pure fluid followed by a Fourier-Laplace

transform and substitution for ¥ and & gives

0 = -g°+C + pse + 2n(g%% + iqmd) (24)
and
0 = 2iq%% - (q? + n%)¥ (25)

The most interesting aspect of the construction is the use of
the continuity condition for the velocity field at the surface

aC = n-v = v_|
at o

(26)

to generate the response function of the interface to thermal
fluctuations. The Fourier-Laplace transform yields

sC + qe + iab = {_(0) (27)
This condition along with the two equations of momentum balance have

the coefficients {,9 and ¢ in common so that the matrix equation is
valid wherein .
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-q¢®>+  (ps+2ng?) 2ingm 4 o
0 2iq? -(q%+n?) ¢ | = o (28)
s qa iq ¥ Cq(O)
or with an obvious assignment of variable names
.
M- = o
{ =Tyto
which is easily solved to give
2 a-1
{ =8 ()T (0) (29)
In particular, {(t) can be calculated as
¢ = (A t(s)) . (0) 30
13t g (30)
so that for a time stationary process
<« _()f(s)> = (M (s)),, <€ °(0)> (31)
q 13 q

The inverse Laplace transform is the correlation function
<€ (01 (£)> = L‘1<gq(o)f(s)> that is required for the

interpretation of light scattering data through equation 6. The
spectrum of the fluctuations can be computed directly from

<C4(@)C(s)> by
G(v) = Imag ( (M *(s)) ;) < (0)> (32)
13’ seiw q
A somewhat different approach was taken by Hajiloo and

Slattery20 but fortunately their results are identical to that of
reference 19 and herein. Recall that

~=1 _ . ~
(M (s))13 = B(s) (Cofactor Matrix to M13) (33)




-
+ rn.'u‘:'i_ 4_:’4

where D(s) is the determinant of M. Define the dimensionless group
Y = (wozroz) where w°2 = 1q3 (the Kelvin equation limit) and Ty =
p

1/(2uq2), then when Y¥>>1 as will be the case for the ocean surface

N (o
<§q(0)Cq(T)> = <4 (0)> e

cos w'T 34

q (34)
Moreover, taking © = w' + ie" then wq is computable from the
dispersion equation

D(o,q,7...) = O (35)

where D is computed from D(s). When generalized to include ke and

kV this relationship can be used to determine estimates of the two
coefficients given w, g and the density and viscosity numbers.

The experimental procedure for determining the visco-elastic
coefficients and surface tension using the light scattering
methodology is to

1. Determine Ri(T) or its Fourier transform, figure 1.

2. Fit the correlogram which is Ri(T) determined at regular
intervals o, At, 2xAt... so as to determine the best
estimate of am in

°(I’"T
R;(T) = A + Be T cos wtT (36)
3. Correct for the instrumental effect which is largest for
“m
wa z ml';l - w'f'_ (37)
m

and usually less than a .3% correction for w&

4. Use the corrected frequency numbers to compute two
coefficients from the complex dispersion equation. When

a set (aq) has been determined then the surface tension
as well as ke and kV can be determined from (35).

When ¥ 1 the fit must be made directly with the spectrum
function or its inversion to the correlation function but this
should not be necessary for determining the micro-layer properties.
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Recently we have been exploring algorithms that fit the
experimental correlation function directly to equation (6) using
equation (34) and its generalization to a form consistent with
equation (31). However, the integral eq. (6) must be approximated
numerically and coded for efficient execution of the least squares
procedure. I believe that this can be accomplished and provides a
much better fit of the correlogram but the fit requires more
computer time than the algorithm described above.

3.2. Capillary Ripple Theory and the Analysis of Generated Waves

When the surface profile is thought of as the sum of an
ensemble of waves of small amplitude of differing frequencies and
phases then

Cix,t) = ) ¢ (et T Y (38)
[A]

The driven wave experiment involves a line source or a point source
of excitation for one frequency so that

i(kx - wt)

C(x,t) = {_(0)e (39)

A

where now k = k + ia. Where, again k = zu/xripple and a is the

space damping coefficient analogous to w" in the constant g
analysis for the light scattering experiment. It is instructive to

carry the analysis through formally, by defining the Fourier-Laplace
operator as

400 o
L...= J at J ax el¢t - kx (40)
00 fe)

In the end you will conclude that the elevation function can be
written formally as

aXx

< gw(O)gw(x) > = < (w(0)2> e cos kx (41)

but <...> is not a thermal average. This is the function observed
when the rms amplitude of plane wives is measured with distance from
the source. Moreover, k and a are variables in a complex dispersion

equation, B(Q,u,w,...) = 0 which also includes the surface
visco-elastic coefficients ke and kv.

The standard deviation involves assuming that the various field
variables, ®,¥ etc are of the form f(z)el(kx - wt) and satisfy

formulas derived from equations 7-11 along with continuity
conditions. The first such construction that included both surface
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visco-elastic coeffiecints as well as the adsorption-desorption flux

was given by Hansen and Mann21'12'13'14. The result is a dispersion

equation.

4.0. EXPERIMENTAL TECHNIQUES FOR THE MICROLAYER.

The experimental techniques for generating capillary waves and
the determination of accurate k and a numbers was reviewed most

recently by Mannl4. The experimental techniques for accurately

measuring the correlation function of ripples generated by thermal

fluctuations has been published by our group14’15'16’22’23 by Hard
17,24

and his colleagues . A brief resume of the laser scattering
instrument at Case will be useful.

Consider figure 1 where the upper schematic shows the Fourier
optical transformations that are used to understand and design the
spectrometer and the lower schematic shows one implementation.

First, a clean beam of Gaussian cross section jlluminates the
first ey optical element, a grating with spacing that corresponds

to perhaps a 100 cm-1 wave number. L1 and L2 combine to do two
optical Fourier transforms; at the first plane, F1, the primary
beam(zero order) and one higher order beam (the reference beam) is
transmitted and optically transformed to a cosine distribution of
light focused on the surface.

Capillary waves moving on the surface behave as a dynamic phase
grating which modulates the imaged distribution of light. The
modulation process due to propagating, damped surface ripples is
detected after blocking the intense zero order beam at F2. L3 and
the pinhole at the PMT is a convenience for eliminating optical
flare. The modulation of the reference light beam is converted to a
random photocurrent by the PMT from which the photocurrent
autocorrelation function, Ri’ (or the spectrum) is computed. The

correlogram is analyzed for surface visco-elastic effects through
equation (6) and the theory developed in that section.

The optical signal to noise ratio can be improved by using an
incident beam of smaller cross section but the corrections to the
time damping coefficient are larger. The spectrometer can be
designed so that a number of g values can be used by just shifting
the order that is being transmitted as a reference beam. Many
additional details will be found in the papers from the Case group.

Rather than reviewing these techniques in detail, I will
comment on adapting this methodology to the micro-layer problem for
both in situ and ex situ experiments.
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4.1. Ex Sttu Experiments

There is no doubt that microlayer "samples" can be brought back
to our laboratories for careful measurements of the spectra of
thermal fluctuations as a function of temperature and film
compression. Various ocean sampling techniques are available for

doing exactly that. The work of Barger and Mean59 is a hint of the
results that would come out of studies covering the frequency range
from below 1 Hz to above 10 kHz. The surface film is composed of
complex structures including natural polymers so that we shoulcd
expect frequency dependent visco-elastic coefficients. In my
opinion it is important to do this class of experiments and the
results will be especially helpful when the analytical chemistry of
the micro-layer is known.

In laboratory experiments under carefully controlled
conditions, we can determine the surface tension to a fraction of a

millinewton per meter (dyne/cm). The elastic modules can be ™8
determined to 10% or better and the surface viscosity to perhaps L§~
20%. The accuracy of these visco-elastic coefficients can be s
improved in my opinion by refinement of the apparatus and the data -
processing algorithm. I

once we have enough information about the composition of the
microlayer, then the visco-elastic coefficients and their frequency

dependence can be studied using, for example the techniques of ¢z:
Brownian dynamics. .*}
F
The larger problem of understanding how the microlayer affects fn}
remote sensing can then be modeled with considerable additional B
detail. a5
Remote laboratory experiments are not satisfactory since b
apparently the microlayer changes with time after sampling from the ,E
ocean surface. It is necessary to make these measurements very soon v
after sampling. However, the roll of the ship could interfere with i
the measurement of the scattered light from the fresh microlayer T}
surface; a difficult problem has been the surface motion pumped by if*
motion of the floor of the laboratory. Even when good optical o
benches (using passive isolation elements) are employed, low Phas
frequency (<100 Hz) surface waves can be bothersome. Fortunately, ;»
the center frequencies of the spectra to be measured on microlayer i
samples will be above 2kHz so that high-pass filtering of the signal ot
from the photodetector will reduce the interference to a PRV
satisfactory level. <14
o

q 25 i
There is a new class of optical benches that are stabilized :ﬁ‘

by active control elements. Acceleration of the corners of the

| table are sensed and that signal drives control circuits that move

the table enough to compensate for vibration. Such a device will o
stabilize the optical system well enough that ex situ experiments ;\\
can be done in the relatively calm waters in which the sea films are Q}

collected. ('Breez' wind conditions; speeds of a few m/sec.)
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N
. Y Moreover, a second trick can be used to eliminate any remaining
f’h effects of ship motion. A stack of thin, stainless steel razor
) blades provide a good light trap to eliminate stray scattering from
S the bottom of the cell. When properly stacked and positioned in the
et cell so that the water level is within about 0.1lmm of the blades,
N the low frequency waves that interfere with the laser beam
:ﬁg scattering cannot develop.

The entire light scattering apparatus including the cell, the
laser and actively controlled optical bench form a compact
? instrument of roughly 2' x 3' x 6". The electronics necessary to

t. analyze the data includes a correlator interfaced to a micro

\;: computer. The Case Center for Complex Flows is working on a single

190G board correlator which would take one slot in an IBM PC or one of
the common clones. Presently, we use commercial correlators which

“w amount to a hard-wired computer specialized for time series

S0 analysis.

Wy

xJQ After our experience at Case in building a compact, surface

?%: light scattering system based on the design described by Lading et

N all®, we pelieve that it is possible to build a system that will

A perform very well on a ship moving in fairly calm waters. It will

) be possible to determine surface properties of the microlayer

55' accurately shortly after sampling. I expect that precision and

accuracy will be comparable to the laboratory set-up; surface
tension to better than .5d/cm and surface elasticity to better than

P,
o™l

=

-

»
-

20%.

.11 4.2. In Situ Experiments
e
, $$ The real challenge and real need is a device for the in situ
K:{ measurement of sea film properties. I believe that it may be
L possible to do this using laser light scattering technoliogy even

- though low frequency vibrations are a problem in laboratory
?ﬁ. experiments. Indeed, it may not be possible to attain the level of
4oy precision and accuracy that can be obtained in the laboratory.
l. \
T Fortunately, the estimation of surface tension depends to first
Aﬂa order on the frequency of the amplitude correlation function and
_ that frequency is relatively easy to determine. The correlogram can
b be very noisy16 and still it is possible to estimate o' to within a
o few percent. The time damping coefficient is more difficult to

ﬁb determine accurately and may be poorly estimated under experimental
A conditions where w' can be closely estimated.
[ A

e It is reasonable to set as an initial design goal the

(o md determination of v, in situ to better than 10%. I doubt that we
;}Q will be able to determine the time damping coefficient to better

j& than 50% at first. It is likely that we can improve the operation

o of the system after some experience with the first version of the
ﬁﬁf instrument. Our group does not have the experience to solve several
— obvious problems in developing the in situ system, e.qg. the floating
O platform, but we understand that the community can help greatly.
1:;%
o
A':‘..

i
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The design problems that must be solved are numerous. It is
crucial Lo contol the geometry of incident and reflected beams
carefully. That calls for a "stable" platform that follows the
swells of a calm sea. The platform could be as simple as a pontoon
structure or perhaps a catamaran type of boat carefully designed to
provide active or passive "tracking" of the sea surface under calm
conditions. (It might be possible to use a submerged platform if

better stability could be obtained.) The EVIS25 optical table is an

example of active control in which the design goal was to vibration
isolate the surface of the table. It is also possible to control
such a table to keep a constant elevation with respect to "slow"
charges in elevation above some surface. The spatial range over
which such a device can operate is limited to a few centimeters but
that may be enough.

It is clear from figure 1B that slow, rolling motion of the
ocean surface with respect to the incident beam will cause the
reference beam going through L3 to wander across the detector (PMT
in figure 1). The situation is more difficult in that the primary
beam which should be blocked at the F2 plane may flash through.
However,this difficulty can be minimized by using an active control
circuit to drive a mirror wherein the motion of the primary beam and
reference beam are tracked to keep the reference beam on target.
{The Case group has demonstrated such a device.) An optical control
element will not affect the phase and amplitude relations between
the reference and scattered beams which was determined at the
surface.

Figure 1B represents only one optical arrangement; the optical
paths can differ without changing the fundamental mechanism by which
the spectrometer operates. Note that the focal lengths of L1 and L2
can be adjusted to give convenient working distances. We have used
working distances out to about one meter with only relatively minor
difficuicies.

It may not be possible to control the position of the reference
s :am at tne detector plane well enough for observing a stable
photocurrent over the time period for collecting an averaged
sorrelogram.  However, there are two factors that we can use to
optimize tne pro~ess. Firstly, a time series collected over about 1
riillisecond is enough to generate a correlogram but the signal to
noise ratio wili be roor and probably not useful but accumulation
sver a few seconds =—an give useful correlograms. We have found that
evell 1f there are gaps in the time series, as the reference beam
r-ves out of the pinhole in front of the PMT (Figure 1), the
correlogram averaged cver a sufficiently long period (seconds) is
not significantly distorted. Clearly, the gaps should be eliminated
‘rom the record, It is possible to detect motion of the reference
beam and thereby start and stop the correlator by a trigger signal
sc r-at it is collecting data only while the beam is positioned
rrop2rly.  One <an irmagine using array detectors in schemes that
will preserve thz 1ntegrity of the time series.

we aire congidering onther methods for measuring the surface
{ ‘nertuaticrs accurately:
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i A two-spot anemometer configuration has some pctential.
Capillary waves behave as a tracer particle in many ways.

ii Drive the surface by an intense pulsed laser beam to
generate ripples and observe the transit time oi the
capillary waves by either the light scattering
spectrometer or a two-spot anemometer configuration.

iii Laser scattering remotely detected without the reference
beam for heterodyne detection of the scattered light.

iv The use of Sun Glitter in an analysis scheme.

The spectrometer described by the Case group16 does detect and
measure surface velocity fields. This was demonstrated some years
ago in unpublished work done for NASA. 1If there is a velocity field
perpendicular to the fringe pattern imaged by L1l and L2 down on the
surface, then the spectrum of the photocurrent output will split
according to

3

2 v
(v £ Q)™ = 2 q°Y, (42)

where v is the speed of the surface flow, A the center frequency

and Y, is a dimensionless groupzl. The width of the spectrum,
controlled by volume viscosity and surface visco-elastic effects is
sufficiently large that there is overlap of the spectra until a mean
velocity of about 10 cm/sec is reached. Much larger velocity fields
can be measured and the range of application can be to less than
lmm/sec. This may well be an effect that we will want to exploit in
ocean work; the distortion to the spectrum must be taken into
account when computing the surface tension and especially in
estimating surface visco-elastic coefficients.

I remark that surface particles also scatter and their numbers
cannot be controlled in situ. While their motion will be detected,
they are much too large to have an effect on the signal due to the
capillary waves. Such particles will contribute to a background
signal that must be studied and understood.

There are other problems that must be solved for in situ work
such as how to handle the laser source, power, enclosures for the
equipment, etc. While I try not to underestimate these practical
problems, I believe they can be solved.

5.0. CONCLUSIONS

I am confident that a laser spectrometer can be designed to
work effectively ex situ on a ship in the open ocean. Active
vibration isolation techniques can provide the stable platform for
operation in calm and relatively calm seas. The time between
collection and analysis is minimal. This will be an advantage in
observing the effects of surfactant components that degrade over
time.
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The same isolation technology will also allow the driven wave
experiment to be done on site along with the laser spectrometer.
The apparatus could be designed to operate in the ultra-low
frequency, long wave limit as well as the intermediate frequency
range.

A manageable ensemble of instruments can be integrated so that
the response functions of sea films can be studied over a very wide
frequency range (<.1Hz, >20kHz) on site but ex situ.

In my opinion, laboratory experiments off site are still
important in the development phase of the microlayer program and in
providing data on mimic systems for comparison.

The interpretation of on site data will depend critically on
the analytical chemistry of the microlayer reported by other groups.
Moreover, from my viewpoint considerably more surface structure
information will be required such as that derived from x-ray
reflection and scattering techniques. Finally, Brownian dynamic
L simulations will help to understand the molecular basis of sea film
structure and dynamics.

I believe that it is possible to adapt the Case group's light
scattering technigues for in situ measurements. We should first try
for the surface tension measurement which can be done even with much

. noise in the measured autocorrelation functions of the photocurrent.

A crucial step in developing the in situ measurement is the
. design of the boat or raft that will position the spectrometer with
respect to the sea surface. We need help on that technology.

The Case group will study other optical methods for measuring
the spectra of capillary waves. We invite our colleagues to suggest
methods that might do the i{n situ measurement in a way that would be
less sensitive to low frequency surface waves but sensitive to
surface deformations that give information about surface tension and
f1lm visco-elastic response.

combine the talents and knowledge of investigators from many

disciplines to nolve problems about the structure, dynamics and !
function of the microlayer specifically. In addition, I see the
opportunity to work on surface structure and dynamics problems of

very fundamental interest to the surface chemistry community.

,: The micreolayer program provides an unusual opportunity to
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Surface Film Chemistry Report

Organic Composition of Natural Films

The principal identifiable components of the dissolved and
particulate phase (defined as passing or retained by 0.2 to 1.0 um
pore diameter filters) are primarily hydrolysis products (amino
acids, carbohydrates, fatty acids) of the parent (unknown)
constituent film molecules. These components, summed as organic
carbon, account for only 25 to 50 percent of the total organic
carbon in the microlayer just as is the case with bulk seawater.
Aside from five amino acids, natural hydrocarbons and sterols,
and urea, none of the naturally-occuring organic molecules in the
sea surface microlayer have been identified or their
stereochemistry at the interface determined. The total lipid
content of microlayer organics is approximately 5 percent, less
than that normally found in phyto- and zooplanktors. However,
the presence of biopolymers with relatively low molecular weights
(500-5000) , such as lipoproteins and lipopolysaccharides, could
well contribute to the physical chemical properties of the
interface (film pressure, film potential, elasticity).

Sampling, Microlayer Enrichments and Slicks

A basic constraint in studies of sea surface chemistry is
how to sample the material of interest. There is even
uncertainty as to how to define what is of interest, i.e., the
thickness of relevance to surface effects. Most devices sample a
slice several hundred microns thick (screens, plates, skimmers).
Langmuir-Blodgett techniques have been used and although the
collected material is 10-30 ym thick in the dry state, when hydrated
in seawater the thickness is probably near 1 uym. Inevitably much
smaller volumes are collected than with the devices harvesting
layers hundreds of microns thick so that the chemical analysis
which can be performed is more limited (functional group identifi-
cation by IR). Both classes of sampler certainly collect sub-
surface water which dilutes any monomolecular film present at the
air-sea interface. Collection of bubble-burst material similarly
suffers from sub~surface scavenging by the rising bubbles, as
well as from possible fractionation effects during bubble bursting
at the sea surface.

By far the greatest number of reported chemical analyses of
microlayer material has been on samples from the top several
hundred microns of the oceans. Although the early literature
gives the impression that many chemical species as well as
bacteria and other microorganisms show enrichments in the
microlayer relative to sub-surface concentrations, more recent
data indicates enrichments which are often either considerably
smaller or insignificant. Enrichments for bacteria, most
plankton, dissolved organic carbon (DOC), nutrients and dissolved
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trace metals are generally less by an order of magnitude and often
much less. Particulate material does often show enrichments of an
order of magnitude or greater, and this may well be due to adsorp-
tion of highly surface active material from the bulk water onto
the particles and their transport to the interfacial region by
bubbles and other processes.

Although the spatial and temporal variability of organic sea
surface films has not been determined, only a relatively small
part of the total surface area of the open ocean appears to be
v uied with films which are coherent enough to damp capillary
waves and so give the surface a slicked appearance. This is
almost certainly because of lack of availability of highly
surface-active molecules (many of them may be adsorbed onto
particles) and break-up and sinking of films under turbulent
conditions. Thus, slick covered water is usually observed under
calmer conditions and in areas of adequate supply of suitable
organic material, either fi»-m natural biologically sources or
from man-induced hydrocarbon inputs. Recent space shuttle
sun-glint photography suggests that under certain conditions
slicks are widespread in seas and coastal ocean areas.

Existing Sea Surface Measurement Methodologies

A. Surface Tension
Calibrated spreading oils

1. precision, + 1 mN per meter
2. advantage: mobile and in situ
3. disadvantage: labor intensive

TOWARD (Tower Ocean Wave & Radar Dependence) instrument
(Barger/Garrett)

1. accuracy + 1 mN per meter

2. requires in situ calibration

3. 1is not in situ and is only semi-continuous (3 min.
intervals)

B. Surface Potential
Measures dipole moment of oriented film-constituent molecules

1. Has been used in situ but with great difficulty
2. Actually detects surface film in gaseous state
prior to change in compressibility from gas to
liquid 2-D state, and prior to onset of wave
damping and other film-induced modifications
3. Important as indicator of sub-critical surface-active
material concentration
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C. Hula Hoop Surface Concentration Method

Measures concentration (but not chemical character) of
film-forming material actually at air-water interface at a
point in time and space.

Is a measure of surface-area reduction required to form
process modifying films (to point of phase change).

Labor intensive and difficult to use.
May be important as measure of film-forming potential.

Like XBT's may be made expendable and inexpensive.

Recommendations

1. Direct spectroscopic measurements (infrared, laser
fluorometric, raman) on natural films in laboratory troughs
coupled with concurrent proximate analyses of the amino
acid, carbohydrate and lipid components should give more
realistic insights into the true molecular nature of film
constituents. Using this knowledge, it will thus be
possible to relate molecular structure to remote sensing
signatures, should such a relationship exist.

2. Turnover times (half-lives) of films at the surface should

be determined by appropriate tracer techniques (dyes,
artifical "natural"” films) to establish a baseline in
evaluating possible biological and photochemical film
alterations which could occur with time, and hence whether
the resulting surface activity changes as a result of
residence time at the interface.

3. Require development of continuous, in-situ instrumental

metnods for surface tension or surface dilational modulus,
and possibly for determination of capillary-wave
attenuation.

4. Should use methods to measure surface-film concentration

and film-forming potential in future coordinated remote
sensing/surface film field programs.
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Microlayer Dynamics

Y. Rabin (Chairman)
E. H. Lucassen-Reynders
J. A, Mann
J. C. Scott

The most important physico-chemical parameters having an effect on sea roughness, and
hence on reflectivity, were felt to be:

1.  The surface elasticity and viscosity (combined in a surface elastic module) arising from the
presence of films.

2. The surface tension as affected by the films.

Surface elasticity/viscosity is the most important parameter determining the damping
characteristics of the capillary waves that are held to be important both in determining surface
roughness and in preventing the generation of larger waves. By far the greater part of both elasti-
city and viscosity consists of resistance against changes in area (compression/dilation) as dis-
tinguished from changes in shape (shear), at least in systems studied so far. Surface shear viscos-
ity was thus felt to be of negligible importance, but it might have greater relevance for surface
films consisting of e.g., polymers.

The surface tension, on the other hand, determines the wavelength of the capillary ripples,
not their damping characteristics. Measuring the surface tension as a function of surface enrich-
ment provides a means of (a) characterizing the films and (b) gaining knowledge of the maximum
possible value of the surface elasticity.

Surface potential was not felt to be a parameter exerting any measurable direct influence on
the relevant behavior of a surface.

Suggestions for Future Research:

It is felt that :n situ state-of-the-art measurements on ocean systems are not practical with
present day technology. Thus, such measurements will have to be performed ex situ (by transfer-
ring ocean water to the lab) or, alternatively on model surface-active materials. The latter include
polvmeric materials which hive received insufficient attention in the past.

We propose:

1. Measurements of surface tension and dilational elastic modules spectrum, combining driven
waves with light scattering techniques—on ex situ ocean systems.

t9

Study of hydrodynamic effects of monolayers and films formed by surface-active polymers
(and polyelectrolytes). Various aspects of surface gelation/aggregate formation (occurring
naturally in the ocean”’) should be examined. The mechanical properties of such gels and,
in particular, the possibility of large elastic effects at very low polymer concentrations, may
play an important rcle in wave damping by natural films.
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ety 3.  Stmudy of the relation between microscopic structure and dynamics of films (by fluorescent

"tagging") and their wave damping and spreading characteristics.

‘a’ﬁ* 4.  Determination of the structure of the interfacial region by the method of x-ray reflection

;&%: variation with q, — ex situ with sea water samples and calibration model systems, again !

::. including polymers and surfactants of models of sea slick. ‘

|

A 5. Development of in situ methods for determining the surface tension and elastic moduli that ‘
will give the former to about 0.1-0.5 dyne/cm and the latter to 20 percent or better, at the

5 ) same time.

3'.33 4 6. Tank experiments for study of wind-driven film spreading, possibly in conjunction with

qed fluorescent techniques that will allow one to perform direct observations on the film.

X 7. Investigation of the mechanism of wave damping by greasy ice films.

N 8.  Development of nondestructive methods for in situ sampling of monolayers (without per-

Ay turbing the bulk material), possibly by adsorption of the monolayer on strongly hydropho- ‘

bic solid surfaces. |
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COMMENTARY OF THE REMOTE SENSING WORKING GROUP
ON MICROLAYER-REMOTE SENSING RELATIONSHIPS

J. F. Vesecky (Editor), W. R. Alpers, W. D. Garrett, H. Huhnerfuss,
P. S. Liss, P. P. Lombardini, J. A. Mann, J. C. Scott, and J. Wu

INTRODUCTION

This commentary presents a consensus view (among working group
members) of the relationship between ocean remote sensing and the marine
microlayer. To begin, we think that remote sensing and the marine microlayer
are, in fact, related and in two distinct ways: first, remote sensing techniques
should prove useful in the study of surface films, e.g. spatial distribution and
temporal history of surface films on the ocean; second, the marine microlayer
has a significant impact on remote sensing of ocean properties in general, e.g.
winds, waves and other surface properties. This state of affairs comes about
because most remote sensing techniques respond to ocean surface roughness and
the marine microlayer can profoundly affect ocean roughness as in the formation

DTS
of <icks.

REMOTE SENSING TECHNIQUES RELEVANT TO THE MICROLAYER

Virtually all remote sensing techniques are relevant to the microlayer
simply because the microlayer can have a significant impact on surface
rouphness.  In terms of sensing the microlayer remote sensing high resolution
techniques, such as visible, infrared, mm-wave and microwave imaging, are
particularly important since they can observe the spatial and temporal
properties of surface film slicks. Multiple wavelength (in a broad sense) remote
scnsing measurements combined with in-situ observations are likely to be
preductive in understanding both the aspects of microlayer-remote sensing
relationships mentioned above. Here we have in mind combinations such as
active and passive microwave together with visible and/or infrared.

RESEARCH STRATEGY

In terms of better understanding remote sensing-microlayer relationships
it apnears that imtal research efforts should focus on laboratory and theoretical
work while taking advantage of ficld experiment opportunities which arise from

LA /-,-a'-,‘s-v‘-d".\“{\\_’\ '_'\“ e '..‘,N ‘.‘\-‘ a "\Q ’\_":. S ¥

R e

EETE N - HRT T EEET SNy VaEY Wyt vean e T VT TR § RS T T TR R R T A e e B TR

\“':' b Qg |'o§ !



other programs, i.e. piggyback experiments. For example, wind wave tank and
other laboratory experiments are very relevant to the interpretation of remote
sensing observations of ocean surface films. Likewise, a vigorous theoretical
program, interacting with experimental work, is essential in directing and
stimulating both experimentan and theoretical efforts. Towards the end of the
five-year period a comprehensive field experiment should be given serious {
. consideration. Such an experiment would involve multiple wavelength remote
sensing coupled with in-situ measurements.

Pl et

oot

" . -

j,-: Joint research between Americans and Europeans is good research

: 2 strategy. Sharing or research facilities, such as off-shore platforms, ships, wind-
e wave tanks and computational facilities, is particularly encouraged. Funding for

travel and visitor support is essential in stimulating such joint research.

o,
S
9y RESEARCH PROGRAM
-
- While this commentary makes no attempt to set up a research 'program, a
. number of useful comments arose in discussion. We have grouped these
-';",} comments into three categories: laboratory research, in-situ measurements,
- theoretical research and field experiments.
Laboratory Research: Much very useful laboratory research on surface
\:.’_Z films is currently underway. The comments here do not review this work but
3 focus on new items and applications. To help focus laboratory research, a set of
‘{jl standard surface films should be created. This set should include both artificial
- and quasi-natural surfactant materials and should be applicable both laboratory
and field use.
47
vy . . .
5 Visible and infrared Raman spectroscopy using focused lasers may be
MN useful in sensing and studyingl the marine microlayer. The focus can be
:' narrowed to distances of a few to tens of microns. .

i

The emissivity and reflectance of the ocean surface at microwave
% frequencies requires careful study to follow up on MARSEN results which
>, indicate resonant effects in emissivity. Both slick and non-slick conditions 4
; should be considered. While field experiments are probably most important,

laboratory experiments can complement the field work and provide more
(/1 quantitative information.

v ;:;'~ In Situ Measurements: New methods of detecting microlayer and

AN measuring microlayer properties are urgently needed for both laboratory and
. field experiment applications. Laser obsersvations of thermal fluctuations of
\l.ﬁ'
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microlayers and very high frequency (MHz to GHz) acoustic sounding (as in
acoustic microscopy) are new techniques which should be explored.

For experiments relevant to remote sensing of sthe ocean microlayer a
particularly pressing need is for a buoy type (unattended) instrument which will
sense the existence and basic properties of the local marine microlayer. Both
capillary-wave sounding and the new techniques mentioned above should be

‘ explored as means of local microlayer observations.

: The ical search: It is important that vigorous theoretical research
accompany laboratory and field experiments. Theoretical work codifies
experimental results and stimulates new lines of thought for experiments and
instrumental techniques. A theoretical framework and better interpretation of
experiment results allows new hypotheses to be formed for experimental test.
For example, theoretical research on elastic properties of microlayers and wave
propagation is directly related to the new laser and acoustic techniques
mentioned above.

Field Experiments: Direct investigation of remote sensing-marine
microlayer relationships requires field experiments. There are a wide variety of

ocean features which could play a useful role in microlayer remote sensing field
experiments, e.g. internal waves, ship wakes, eddies, etc. Hence there are no
particular ocean features upon which field experiments should focus. 'Breeze'
wind conditions (~few m/s) would be desirable for microlayer remote sensing
experiments for several reasons. First, high wind speeds destroy the microlayer
and make observations difficult. Also, wind wave tank measurements are most
accurately applicable to the real ocean under 'breeze' conditions.

Artificial surface films are very useful in natural settings for experimesnts
on remote sensing and the marine microlayer. Remote sensing platforms are
often available only for specific periods when natural surface films may or may
not be at the desired state. Artificial films can be distributed as required.
Artificial surface films could be tailored to simulate natural films. For example,
it might be useful to collect natural surfactant material for redistribution at a
later time, e.g. around an off-shore platform.

In & microlayer-remote sensing experiment the primary requirements for
local measurement (sea truth) of the microlayer are summarized as follows:
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:3::.;; 1. Surface tension to an accuracy of ~ 0.2 to 0.5 dyne/cm
% 2. Surface elasticity to an accuracy of + 20%
s
R 3. Surface wave spectrum measurements from very short (~ mm)
‘z;i:,: wavelengths to 100's of meters - in particular 1 to 16 Hz wave frequencies.
oA
e The most distinctive remote sensing observation of microlayers on the
;2 ocean occurred during the 1978-79 MARSEN field experiment. Microwave
*‘\ emissivity of the ocean was observed to be drastically altered by the presence of
:. an artificial microlayer-brightness temperature reduced by ~100 K. Further this
B decrease in emissivity was observed to be frequency dependent - large decrease
o in brightness temperature at ~23 cm wavelength. but very small decrease at
:’: ~10 c¢cm wavelength. An experiment to further explore this phenomenon is being
' planned in Germany for early 1987 using a scanning microwave radiometer built
'(‘ by German Aerospace.
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